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Abstract 
The experimental quantification of the bone removal characteristics associated with bone 
burring represents a desirable outcome mainly for the selection of optimal parameters. An 
experimental apparatus was developed that allowed for concurrent measurement of three 
outputs associated with the bone removal process (cutting force, vibration, and 
temperature) as a function of various burring-specific parameters. Initial process trends 
were established on a uniform sawbone analog through use of a fully balanced 
multivariate statistical analysis. A smaller set of optimal and suboptimal parameters were 
further validated using a porcine femur. From the parameters tested, an optimal tool 
configuration, to avoid high temperature and high vibration, was found to be a 6 mm 
sphere burr at a rotational speed of 15,000 rpm, feed rate of 2 mm/s and a path overlap of 
50%. This set of parameters also provided flexibility in tool depth/orientation angle 
relative to the bone without sacrificing optimal process outcomes. 
Keywords 
bone burring, bone resurfacing, bone removal parameters, experimental apparatus, 
superficial temperature, cutting forces, vibration amplitude 
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Chapter 1 - Introduction 
1  
OVERVIEW: Bone removal is required in multiple surgical resurfacing 
procedures. A common method to resurface bone involves using a high 
speed rotary tool for bone removal purposes. This chapter will describe the 
structure and mechanical properties of bone, and the clinical procedures 
that require the removal of bone. In addition, both manual and automated 
processes which have been adapted currently in the clinic are discussed. 
Current state-of-the-art studies involving optimizing process parameters 
associated with the burring procedure are summarized. Associated 
statistical methods related to the current project are explained. The chapter 
ends with rationale, objectives and hypothesis associated with the current 
body of work. 
1.1 Structure and Mechanical Properties of Bone 
Bone is a stiff skeletal material that provides the supportive framework to the body. The 
major functions of bone include: support of soft tissues, provision of levers for muscles, 
and protection of internal organs. Bone is a heterogeneous mix of materials and cells that 
can be further divided into organic and inorganic components. The organic portion of 
bone consists of the cells that build (primarily osteoblasts) or degrade (primarily 
osteoclasts) bone, collagen, bone matrix proteins, and blood vessels that supply nutrients. 
The inorganic component of bone, which is produced by bone cells, consists primarily of 
calcium phosphate. The amount of mineralized tissue per unit volume is often used to 
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characterize the mechanical properties of bone and is quantified using a measurement of 
bone mineral density (BMD) [1, 2]. Unique interactions between the organic and 
inorganic components of bone, lead in regular bone turnover; an important feature of 
bone that allows for natural self–repair to injury, or remodeling in response to mechanical 
stimuli [3, 4]. Therefore, it is important to conceptualize bone as a living substance 
within the body, one that reacts to external stimuli and contains its own network of blood 
vessels and cells. 
Bone is divided into two fairly distinct structural organizations: cortical (compact) bone 
and cancellous (spongy) bone. The difference between the structural types is 
distinguishable to the naked eye due to several distinct differences between structures [5].  
Cortical bone is a solid rigid material. A cortical layer makes up the outer shell of the 
bone and is much denser and stiffer than cancellous bone [1]. Cancellous bone is porous 
throughout and is less uniform than cortical bone [6, 7]. The mechanical properties of the 
bone are highly variable and are mainly due to the variation in the apparent density which 
differ by anatomical location as well as various factors such as age, overuse and 
pharmaceutical interventions [8-11].  
The gross morphology of human bones can be distinguished into four classifications: 
long bones (femur, tibia, ulna and radius), short bones (wrist and ankle bones), tabular or 
flat bones (skull and scapula), and irregular shaped bones (located within the skull and 
parts of the pelvis). Long bones are usually thick walled, hollow tubes (filled with bone 
marrow), and have expanded ends. The regions of the long bone are classified as the 
epiphysis (end of the bone or the area of articulation), diaphysis (shaft of the bone), and 
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metaphysis (between epiphysis and diaphysis) (Figure 1.1). The epiphysis is the 
elongated ends of the long bone and have a thin cortical shell that encloses the cancellous 
bone. The diaphysis of the bone is primarily composed of a thick cortical shell (cortex) 
that surrounds the medullar canal filled with bone marrow. 
1.1.1 Bone Necrosis 
As bone is a living organism, exposure to high temperature, even for a short period of 
time, could result in permanent thermal damage (osteonecrosis). Previous studies have 
attempted to quantify the severity of osteonecrosis dependent on the temperature that the 
bone is exposed to and the duration of time that may cause damage to the bone [12-15]. 
Previous studies give indication that there is a distribution of temperature levels for 
specified time durations that can possibly lead to osteonecrosis. Lundskog et al. found 
histochemical evidence of thermal damage when the bone was heated to 50 ᴼC for 30 
seconds [12]. Eriksson et al. indicated that bone tissue is sensitive to temperatures in the 
range of 47-53 ᴼC for the duration of 1 minute [13, 14]. Specific to an orthopaedic cutting 
process, Krause et al. used a threshold of 50 ᴼC to determine osteonecrosis [15]. 
Collectively, these studies indicate the importance of avoiding exposing bone tissue to 
elevated temperatures as it may result in hindered bone remodeling post operation. 
1.2 Bone Resurfacing 
Bone removal or resurfacing is required in various surgical treatments. The surgical 
procedures and tools involved vary by surgical intervention. In context with the overall 
theme of this work, procedures that involve or have the potential to involve high speed 
rotary bone burring tools are discussed. 
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Cortical Bone 
Cancellous Bone 
Marrow Cavity 
Epiphysial Line 
Proximal 
Distal 
Epiphysis 
Metaphysis 
Diaphysis 
The structural components of a long bone, humerus shown above, are illustrated in 
the diagram above. The long bone is divided into three sections including the: 
epiphysis, metaphysis, and diaphysis. The bone itself is composed of two main distinct 
structural organizations: cortical and cancellous bone. 
Figure 1.1: Structural makeup of bone 
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1.2.1 Manual Resurfacing Procedures 
1.2.1.1 Orthopaedics 
Joint replacement/resurfacing is a surgical procedure used with the goal of alleviating 
pain and restoring function to a damaged joint (hip, knee, shoulder). Although there 
exists many clinical conditions that may require joint replacements for treatment, the 
majority of these conditions can be grouped into the broad categories of arthritic 
conditions and fractures [16-18]. In the majority of arthritic conditions, the joint surface 
becomes damaged as a result of chronic inflammation (as in the case of rheumatoid 
arthritis) or chronic wear and tear (as in the case of osteoarthritis). If left untreated, 
progressive joint immobilization and loss of function will ensue. Currently, several types 
of joint replacements are used clinically which include: total joint (whole joint is 
replaced), hemiarthroplasty (one side of the joint is replaced) and joint resurfacing (only 
the articular surface is replaced).  
The surgical procedure for a joint replacement calls for a synthetic material to replace the 
damaged articular cartilage and/or joint. To insert the joint replacement into a patient, a 
volume of the bone must first be removed to provide a cavity for insertion. The 
machining and removal of the bone can be performed by multiple means and may 
individually or collectively involve: drilling, reaming, or milling to prepare the cavity. 
These surgical procedures are traditionally performed manually by a surgeon. After the 
cavity is prepared, the joint replacement is inserted and fixed in placed. Fixation of the 
joint replacement can be performed by several methods which include: screw, cement, or 
press-fit. Regardless of the fixation technique, a cavity must be formed for the bone to 
allow for insertion of the joint replacement. 
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Joint resurfacing arthroplasty offers an appropriate application for use of a high speed 
rotary tool as it may require the bone cavity to be precisely shaped. The procedure is 
considered to be a bone-conserving alternative to total joint replacement as the joint 
resurfacing replacements are closely shaped to the patients anatomy with shorter stems 
used for fixation [19, 20] (Figure 1.2). The resurfacing procedure may require a complex 
bone cavity with high geometrical accuracy to attain secure fixation and may only be 
achievable using a small diameter (approximately 4 mm) rotary burring tool. 
 
Native Anatomy 
Joint Resurfacing 
*possible clinical 
treatment due to injury or 
disease 
Figure 1.2: Bone removal process 
Various types of implants are used in orthopaedics as shown above. To fixate the 
implant into a patient; bone must first be removed to form a cavity to allow for 
insertion. A possible implementation for a high speed rotary tool would be the process 
of bone removal to form a cavity which may require intricate geometries that can be 
achievable using only a small diameter burring bit. 
 
Joint Hemiarthroplasty 
7 
 
 
 
1.2.1.2 Neurotology 
Neurotology is a branch of medicine that deals with treating disorders of the ear. Otologic 
surgeries are performed on the temporal bone which is located on the sides of the skull 
and house the structures vital to hearing (Figure 1.3). The temporal bone is divisible into 
four parts: the squamous, mastoid, petrous, and tympanic portions. Relevant to the 
present project is a specific surgery known as a mastoidectomy. 
A mastoidectomy is surgical procedure that requires the removal of temporal bone within 
the mastoid region, using a high speed rotary tool. A mastoidectomy is performed to 
expose the cells within the mastoid structure, which may be required due to 
cholesteatoma (cyst), or mastoiditis (infection) [21]. The procedure is especially relevant 
as the surgical practice currently involves the use of a high speed rotary tool for bone 
removal within the temporal bone region. 
  
Temporal Bone 
Mastoid Process 
Figure 1.3: Mastoid process location on the skull 
A mastoidectomy is a surgical procedure that involves removing the outer surface of 
temporal bone on the skull. A high speed rotary tool is currently used clinically to 
remove the bone. 
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1.2.2 Robotic Methods 
Automated robotic bone burring first appeared with commercial success in surgical 
procedures which involved joint replacement and resurfacing. Automated robotic burring 
takes advantage of the rigidity of the bone and high accuracy of the registration 
techniques developed. The registration techniques allow for pre-operative planning of the 
automated tool path trajectory comparable to that of computer numerical control (CNC) 
machining. There are many advantages of employing robotic systems including: 
increased accuracy and precision that lead to improvements in surgical outcomes 
compared to the manual procedure [22-24]. Within the orthopaedic field, three developed 
systems are the Robodoc, MAKO™ platform, and Acrobot. 
The Robodoc (Integrated Surgical Supplied Ltd., Sacramento, CA) surgical system was 
the first orthopaedic surgical robot approved by the Food and Drug Association (FDA) 
[25]. Clinical use of the automated burring robot, Robodoc, was implemented in 1992 for 
femoral canal preparation in total hip arthroplasty [26]. Results showed, through patient 
and cadaveric studies, that the Robodoc was able to match results compared to the 
manual technique as well as provide better stability and fit in placement of the femoral 
component in total hip arthroplasty [23, 24, 27]. Additionally, the Robodoc removed less 
bone within the same procedure compared to the manual techniques [28]. 
The MAKO
®
 surgical robot (MAKO Surgical Corp., Fort Lauderdale, FL) is a passive 
robot which assists the surgeon in partial knee and total hip replacement by providing 
haptic feedback (Figure 1.4). The MAKO
®
 surgical robot limits machining errors during 
the surgical procedure by ensuring the cutting tool is within predefined boundaries while 
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removing bone [29]. The MAKO
®
 platform has been found to significantly increase the 
accuracy and precision involved in total hip arthroplasty in cadaveric studies [30]. 
The Acrobot is an active constraint control robot that has had clinical success in knee and 
hip replacement surgery. The Acrobot features a control system; which implements tool 
tracking to aid the surgeon in live surgery [31]. The Acrobot has also shown to be 
effective in in-vitro and in-vivo studies to aid the surgeon in providing feedback of the 
tool for total knee replacement surgeries [32]. 
Additionally, several robotic systems have been developed in an in-vitro setting to prove 
the feasibility of implementing robotic system for mastoidectomy [33, 34]. Danilchenko 
et al. successively burred a cavity in the mastoid on three separate specimens using a 
industrial robot equipped with a high speed rotary tool as an end effector [33]. Federspil 
et al. also had success with experimental burring of two human skulls using an industrial 
robot and a high speed rotary tool [34]. 
The emergence of robotic systems provides an opportunity to implement feedback loops 
which monitor burring data and adjust control parameters accordingly. A full 
understanding of the characteristics associated with bone burring would prove beneficial 
in the design of robotic systems. 
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The MAKOplasty
®
 surgical robot is a passive robotic system that assists the surgeon 
by providing haptic feedback to the surgeon during partial knee resurfacing. 
Additional information, such as location of the tool, is provided by the MAKO
®
 system 
that would otherwise would not be available in a traditional manual surgical 
operation.  
 
Figure 1.4: Automated robotic surgery
1
 
1
Modified from MAKOplasty
®
 Surgical Robot [Internet]. MAKO
®
 Surgical Corp., Fort Lauderdale, 
FL; cited [June 26, 2015]. Available from: http://www.makoplasty.com/. 
 
High Speed Rotary Burring Tool 
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1.2.3 Bone Removal Tools 
1.2.3.1 Reaming (Low Speed) 
Low speed rotational cutting tools, also known as reamers, are used in a variety of 
orthopaedic surgeries which involve nail insertion into long bones (primarily the tibia) 
and resurfacing of the bone for joint replacement. An orthopaedic reamer, used for joint 
replacement, has an end bit of approximately 30 mm in diameter and is used to produce 
axisymmetric cavities for joint replacement. The reamer design depends primarily on the 
manufacturing company. Typical reamer design for joint replacement is often comprised 
of reamer blades, varying blade orientations, and altering the gap between the blades. The 
rotary speed of the reamer is typically between 250 to 500 revolutions per minute (rpm). 
Current research studies exploring bone removal using the reamer show high 
temperatures involved during the surgical procedure that could potentially lead to 
necrosis [35, 36]. Additionally, previous in-vitro studies have found that the design of the 
reamer (number of blades, spindle speed) can result in varying the temperatures involved 
[37, 38].  
An orthopaedic reamer/drill with reamer attachment is pictured above. The reamer bit 
shown is 30 mm in diameter and spins at rotary speed of 250 rpm. 
Figure 1.5: Orthopaedic reamer 
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1.2.3.2 Burring (High Speed) 
High speed rotary tools, used primarily for burring of the bone, are used in various 
surgical settings; including orthopaedic and neurotologic applications. The burring tool is 
designed to be a hand held tool which spins at high rotational speeds during the bone 
removal process (10,000 to 80,000 rpm). The burring end bit is typically in the range of 2 
to 10 mm which allows for more intricate operations to be performed by the burring tool 
compared to the larger reaming tool. The common high speed burring tool is composed 
of a motor (handpiece), burring bit, as well as an 'attachment' to cover the shaft of the 
burr. The design of the tool and bits available depend on the manufacturer. Popular 
manufactures include Medtronic (Medtronic Inc, Minneapolis, MN) and Anspach (The 
Anspach Effort, Inc., Palm Beach Gardens, FL). The Medtronic's Midas Rex Legend 
Stylus system rotates at spindle speeds between 200 to 75,000 rpm and is controlled via 
an integrated closed loop controller. The Anspach Emax 2 Plus is an alternative burring 
tool which spins at speeds between 10,000 to 80,000 rpm. Previous in-vitro studies have 
attempted to quantify the temperatures and cutting forces involved within the burring 
process [39-42]. 
  
Figure 1.6: High speed rotary burring tool 
The Midas Rex Legend rotary burring tool is pictured above. The burring bit is 
typically small in diameter (2 to 10 mm) and can spin at speeds of up to 75,000 
rpm. 
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1.3 High Speed Bone Burring Characteristics 
To maximize the efficiency of the bone burring process, care must be taken into the 
choice of process parameters (rotary speed, type of cutter, depth of cut) to reduce the 
dynamic effects and temperature rises associated with high speed burring. The selection 
of process parameters has been shown to have an effect on the outcome measurements, 
such as temperature generation and cutting force [39-42]. 
1.3.1 Process Parameters 
The main process parameters used in previous studies that involve a high speed rotary 
tool for bone burring include [34, 39-41, 43-46]: 
 Shape of burring bit 
 Diameter of burring bit (mm) 
 Rotational speed of the tool (rpm) 
 Depth of cut (mm) 
 Feed rate (mm/s) 
 Cutting track overlap (%) 
 Inclination angle (°) 
 Tilt angle (°) 
The shape of the burring bit varies on the manufacturer. There are two main types of 
burring bits; fluted and diamond coated. Fluted bits are used to remove larger volume of 
bone as they have cutting flutes running up the bit. Different shapes of fluted burring bits 
exist and include: sphere, cylinder, acorn, match and oval (Figure 1.7). Diamond coated 
bits are commonly spherical in shape and rely on the coating of diamonds on the surface 
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to abrade the bone. The diameter of the bits range from 1 to 10 mm. The rotational speed 
of the tool is the speed of the burr measured in revolutions per minute (rpm). Typical 
speeds of a high speed rotary tool are in the ranges of 10,000 to 80,000 rpm.  
The depth of cut (mm) is defined as the thickness of material that is removed with one 
pass of the burring tool (Figure 1.8). The feed rate (mm/s) of the tool is the linear 
advancement rate of the tool itself. The burring process of bone, commonly employs very 
shallow depths of cut (<1 mm) with feed rates in the range of 1 to 10 mm/s [44]. 
Additionally, cutting track overlap (%) is defined as the overlap of burring paths between 
successive paths of the burring tool (Figure 1.8).  
Inclination and tilt angles (°) make up the orientation of the tool with respect to the 
workpiece. The inclination and tilt angle are defined in Figure 1.9. The angle of the tool 
is of particular importance in the context of surgical procedures due to the limited milling 
cavities that may be unavoidable. The direction of the cut with respect to the previous 
burring path (conventional and climb milling) is also of importance when designing a 
tool path trajectory. Down milling is typically desired as the tool leaves the workpiece 
with zero force compared to up milling which leaves the workpiece with force on the bit. 
The process parameters mentioned above collectively represent those that can be varied 
in the design of a tool path trajectory. The most effective combinations of parameters, 
that minimize temperature, forces and vibrations, as well as providing a realistic 
procedure time would be desirable for implementation in a clinical setting.   
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Figure 1.7: Midas Rex Legend rotary burring tool 
Motor (Handpiece) Burring Attachment 
Burring Bit 
Cylindrical Burring Bit Spherical Burring Bit 
A CAD rendering of the Midas Rex Legend rotary burring tool is shown above. The 
burring tool consists of three main components: motor, attachment, and a burring 
bit. The bits are long and slender (2.35 mm shank diameter) and come in various 
sizes dependent on the manufacturer. Two common bits are the cylindrical and 
spherical burring bit, depicted in the insets above. 
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Depth of Cut 
Top View 
Cutting Track Overlap (%) 
Figure 1.8: Design parameters used for bone burring (depth of cut + overlap) 
Characteristic parameters (overlap and depth of cut) associated with the bone burring 
process are illustrated above. Depth of cut (mm) is defined as the thickness of the 
material that is removed during a burring run. Overlap is the % of overlap between 
successive cutting tracks (shown in the inset is 50% overlap). 
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Isometric View 
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Z 
Y 
Side View Top View 
(-) 
(+) 
(+) (-) 
Inclination Angle Tilt Angle 
Figure 1.9: Design parameters used for bone burring (inclination angle + tilt angle) 
 
Characteristic parameters (inclination and tilt angle) associated with the bone 
burring process are illustrated above. Shown in the isometric view is the tool oriented 
at a normal to the workpiece face. Inclination angle is the rotation of the tool about 
the Y axis. Tilt angle refers to rotation of the tool about the Z axis. 
Feed 
Rate 
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1.3.2 Outcome Measurements 
Various outcome measurements are used to evaluate the process parameters in terms of 
safety and accuracy of the burring process. To quantify the process outcomes, various 
transducers are instrumented to monitor the burring process. Relevant methods to 
instrument and quantify the associated outcome measurements are discussed in the 
following subsections.  
1.3.2.1 Cutting Force 
Cutting force is the total force exerted in three planes by the burring tool in order to 
remove material from the workpiece. Cutting force is important in the context of the 
burring process as it can be used in the design of robotic systems to optimize accuracy 
and safety of the procedure [41, 46]. Experimental methods, involving bone burring, have 
been performed using strain measurements to quantify the cutting force between the 
workpiece and tool [41, 43, 46].  
Dillon et al. selected a force sensing device (ATI Six-Axis Sensor System) which was 
mounted between the robotic arm and burring tool [41]. Federspil et al. selected a force 
and torque sensor (JR-3 Inc., Woodland, CA) which had a range of 63 N and was placed 
between the robot arm and burr [43]. Sugita et al. also selected a 6 DOF force sensor 
installed in the spindle with rated values of 400N, 800N, and 40 Nm [46]. An additional 
method to measure the cutting force during a burring procedure was performed by 
Plaskos et al. which used a piezoelectric dynamometer. The dynamometer was placed 
underneath the clamp that held specimen in place [45].  
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To quantify cutting force and allow for comparison between process parameters, Dillon 
et al. and Plaskos et al. averaged the cutting forces from the entry to exit points of the 
burring trial [41, 45]. Federspil et al. and Sugita et al. did not compute an average cutting 
force, as the authors reported only a single run to validate their developed automated 
systems [43, 46].  
1.3.2.2 Vibration 
The vibration generated due to the burring procedure has a direct influence on the 
accuracy and surface finish of the cut. Additionally, vibration generated may introduce 
noise into the system that may be undesirable for other transducers monitoring the 
burring process.  
To knowledge, no previous experimental study has directly measured the vibration of the 
tool during a bone burring process. Indirect attempts have been made by Denis et al. by 
measuring the surface flatness, which is a product of the dynamic effects of the tool [39]. 
Federspil et al. also measured the vibrations of a skull during robotic burring using a 
piezoelectric crystal that was mounted to the workpiece [34]. Vibrations of a dental 
handpiece have been previously studied, primarily in the context of hand-arm vibration 
exposure to dentists using high speed rotary dental tools [47, 48]. Rytkonen et al. 
mounted a piezoelectric charge accelerometer (B&K 4393) to the handpiece using a 
fabricated adapter and subsequently glued the adapter to the handpiece [48]. Additional 
research has also been devoted to quantifying harmful effects resulting from hand-arm 
vibration from a biomechanics perspective [49-51]. The authors typically mount 
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piezoelectric accelerometers to the tool to report the total vibration over a certain 
bandwidth of frequencies for a duration of time [49-51]. 
To quantify the vibration of a single burring trial, Federspil et al. reported the 
measurements quantified by an accelerometer mounted on the workpiece over the entire 
trial (magnitudes less than 1.5 g) [34]. As only one trial was performed within the 
mentioned experimental trial, no protocol to allow for comparison of the accelerometer 
measurements was taken. In other applications for quantifying the dynamic effects of 
hand held tools, and allow for comparisons to be quantified, a weighted vibration is 
generally calculated dependent on a bandwidth of frequencies that is important to the 
author [48-51]. 
1.3.2.3 Temperature 
In a conventional machining process, a bulk of the energy consumed is converted into 
heat [52]. If high temperatures were to occur during a bone resurfacing procedure, 
specifically bone burring, thermal damage (osteonecrosis) could occur. If osteonecrosis 
occurs, the bone would lose its ability to remodel and repair itself post surgery. This loss 
of remodeling has been linked to loosening in joint replacements which in turn may 
require a subsequent revision surgery [53]. Therefore, it is vital to quantify process 
parameters that may lead to osteonecrosis in order to avoid them.  
Experimental methods have been developed to measure temperature generation during 
the bone removal process. Temperature systems can be broken into two distinct methods: 
contact and non-contact. The contact method commonly involves a thermocouple or 
resistance temperature detector (RTD) that is inserted into the bone or workpiece. The 
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contact method of quantifying temperature of the workpiece has been implemented 
primarily in quantifying the temperature of the bone during a drilling process [54-56]. 
More relevant to bone burring, common measurement systems used to quantify 
temperature has been a non-contact method of an infrared pyrometer [39, 40]. Shin et al. 
selected an IKS-T14-06 model from Infrapoint
® 
with accuracy of 1 ᴼC and trailed the 
burring process by 10 and 20 mm; whereas, Denis et al. selected a Raytek ThermalertTX 
pyrometer with accuracy of 1.5 ᴼC. Infrared cameras have also been adapted to measure 
temperature in in-vivo joint resurfacing procedures [35, 36].  
To quantify temperature and allow for comparison between multiple burring trials, the 
average temperature of a burring trail was calculated from the start to exit points of the 
process [39, 40].  
1.4 State-of-the-Art in Quantifying the Bone Burring Process 
Previous studies have aimed to characterize the process parameters involved in the bone 
burring process [34, 39-41, 43-46]. These studies have investigated the effects of varying 
the process parameters on temperature generation and cutting force applied in both 
manual and robotic bone removal procedures. The clinical relevance of the studies vary 
dependent on the field but are primarily performed in the orthopaedic and neurotological 
fields with a main goal of finding an optimal combination of parameters to minimize or 
maximize the outcome measurement [34, 39-41, 43-46]. 
Shin et al. and Denis et al. examined the effects of varying the process parameters and 
used temperature as an outcome measurement [39, 40]. Both studies used an infrared 
pyrometer to measure the temperature of the workpiece of a freshly burred specimen.  
22 
 
 
 
Denis et al. investigated the influence of feed per tooth and milling speed using a high 
speed milling machine [39]. It was found that increasing the feed per tooth and 
decreasing the milling speed altered the temperature experienced by the bone. The 
burring parameters were varied between various feed rates and rotational speeds of the 
tool between 10,000 to 40,000 rpm. Denis et al. recommended that in order to limit rises 
in temperature, the feed rate per tooth should be increased and the milling speed should 
be decreased [39]. 
A similar study was performed by Shin et al. which investigated temperature rise using a 
spherical burr [40]. Feed rates were adjusted at levels of 2, 3.2, 5.5, and 9.8 mm/s. The 
depth of cut was adjusted from 0.3, 0.5, and 1 mm and the burring was performed in a 
range of 30,000 to 50,000 rpm. Shin et al. concluded that increasing feed rate and 
decreasing the depth of cut was desirable to reduce thermal damage during bone burring 
[40]. 
Previous studies have also varied the process parameters and examined the effects they 
have on the applied cutting force. Plaskos et al. aimed to quantify the cutting forces 
involved in a high speed burring process with very shallow depths of cut [45]. The 
authors demonstrated that the cutting forces are significantly different in high speed 
machining processes compared to a traditional means of machining using lower speeds 
[45]. 
Dillon et al. investigated the effects of choosing certain combinations of parameters for 
use in a robotic mastoidectomy [41]. The authors' combination of parameters included 
measuring the cutting force for several surgical burr types, drill angles, depths of cut, 
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cutting velocities, and bone types (temporal bone and the mastoid). The burring process 
was conducted using an autonomous robot and used human temporal bone specimens. 
The authors concluded that certain combination of parameters were more efficient than 
others and high linear cutting velocities should be combined with shallow depths of cut 
for optimal performance. The authors also suggested the possibility of using different 
parameters within different regions of bone [41]. 
Arbabtafti et al. performed experimental measurements in order to validate a haptic 
feedback system they developed. The effects of feed rate, spindle speed, and drill angle 
were examined with respect to their effects on resulting burring forces. Feed rates in the 
range of 1.4 to 3 mm/s, spindle speeds between 15,000 to 31,000 rpm and drill angles of 
22 to 63ᴼ were chosen as the process parameters. Arbabtafti et al. reported that increasing 
feed rate and decreasing rotational speed resulted in an increase of burring force. 
In addition to the studies that varied certain process parameters to view the effects, other 
authors have attempted to quantify the burring process dependent on their application, 
primarily for feedback controllers for automated burring. Sugita et al. developed a force-
feedback control loop to monitor forces during burring and to select an optimal feed rate 
to reduce temperature generation and surgical procedure time [46]. Federspil et al. 
demonstrated the feasibility of automating the burring process on temporal bone. The 
authors through separate studies, detail a burring path strategy and evaluated it using 
various feedback controllers [34, 43]. The study reports the first development of an in-
vitro automated burring robot for use in creating cavities in the temporal bone. 
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1.5 Rationale 
Experimental quantification of the bone removal characteristics associated with bone 
burring represents a desirable outcome for an array of surgical applications, manual or 
automated, and also in the design of the burring tools themselves. Optimizing the burring 
process, via the selection of process parameters offers the potential to improve the 
success rate of clinical procedures by limiting osteonecrosis, which may occur with 
selection of suboptimal parameters [39, 40, 46]. Subsequently, as robotic technology 
continues to emerge, the ability to control process parameters becomes less challenging. 
Previous authors have identified the importance of experimentally quantifying the bone 
removal characteristics associated with bone removal [34, 39-41, 43-46]. However, as the 
burring process itself offers a large array of process parameters (depth of cut, cutting 
overlap, rotational speed, feed rate, angle of tool, type and diameter of tool) and a vast 
amount of levels within each process parameter, a full factorial analysis involving a bulk 
of the process parameters has not been undertaken. Previous authors were required to fix 
certain process parameters to levels within the machining process, which in turn limits 
the amount of combinations that were tested. For example, Shin et al. fixed the burring 
process parameters by selecting a 9.1 mm sphere burr oriented at a normal to the 
workpiece face and a fully immersed burring path [40]. The experimental analysis 
conducted by Shin et al. included various feed rates and depths of cut and the authors 
recommended a suitable combination of parameters to avoid thermal damage to the bone 
[40]. However, the combinations of parameters suggested are exclusive to the fixed 
parameters.  
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An additional method to reduce the sample size of the experimental protocol is to 
perform a fractional factorial experimental design. A fractional factorial design reduces 
the amount of observations or machining trials typically required by selecting certain 
process parameters and evaluating the effects within the selected subsections [41]. 
Although the fractional factorial design proves effective at providing trends within the 
main effects, no indications into the interactions are provided. A full factorial 
experimental design is advantageous as all testing conditions or combinations of process 
parameters are analyzed and does not alias any effects which may be found in the 
fractional factorial analysis. Therefore, by performing a full factorial statistical analysis, 
no combination of parameters are missed which may lead to optimal or suboptimal bone 
burring outcomes. 
Not only is the selection of process parameters important, it is equally significant to 
quantify their efficiency in the form of an appropriate outcome measurement. Although 
previous authors have contributed to quantifying the temperature generation and cutting 
force associated with the bone burring process; an experimental study to quantify the 
dynamic effects of the tool has yet to be undertaken. The selection of the outcome 
measurement (i.e., temperature generation, forces experienced, and dynamic effects) is 
essential as it provides the rationale in selection of process parameters that are to be 
optimal or suboptimal. With selection of only one outcome measurement, a thorough 
understanding from multiple aspects of the outcome measurements and the tradeoffs that 
ensue may not be fully understood. Previous studies commonly select only one outcome 
measurement, typically force or temperature, and proceeded to deem certain process 
parameters optimal in regards to the single measurement [39, 41, 42, 46]. However, the 
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use of only one outcome measurement for rationale in selection of process parameters 
may prove consequential as the selection may be optimal for one outcome measurement 
but not another. 
Although previous authors have contributed to experimentally quantifying the 
characteristics of bone burring, a gap still remains with respect to understanding how the 
process parameters interact with one another. Specifically, the tradeoffs in selection of 
process parameters and their efficiency quantified using multiple outcome measurements. 
Furthermore, previous studies have not quantified the dynamic effects of the tool during a 
bone burring procedure. 
Advancements made by a full factorial experimental protocol that involves varying the 
process parameters and evaluating the outcome measurements of force, temperature and 
vibration, can lead to a fuller understanding of the burring process. The understanding of 
these tradeoffs can subsequently be applied to multiple applications of interest including: 
knowledge for clinical implementation, tool path trajectory planning, controllers for 
automated bone burring systems, design of surgical simulators, and design of the tools 
involved. 
1.6 Objectives and Hypotheses 
The overall goal of this research was to quantify the characteristics of bone burring (i.e., 
temperature generation, forces experienced, and dynamic effects) for clinical 
implementation. In pursuit of a thorough understanding of the effects of the process 
parameters in the bone burring operation, three specific objectives were explored as part 
of this research project. The corresponding hypothesis follows each objective. 
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Objective 1: To develop and design an experimental apparatus with capability to 
simultaneously quantify cutting force, temperature, and vibration. As well, the 
experimental apparatus must offer a means to precisely control the various process 
parameters associated with the burring process. The experimental apparatus must also 
produce burring trials with high repeatability coupled with a high signal-to-noise ratio, 
comparable to that of previously published experimental studies. 
Hypothesis 1: It was hypothesized that an experimental apparatus can be designed to 
control and manipulate the process parameters involved in a bone burring procedure, and 
measure the subsequent cutting force, temperature, and vibration of the system. The 
experimental apparatus must provide a repeatability (± 1 standard deviation) of: Fx, Fy, 
and Fz < 0.3 N, temperature < 2.5 ᴼC, vibration < 0.5 g-rms, and signal-to-noise > 5 dB.  
Objective 2: To perform a full factorial analysis to quantify the main effects and 
interdependencies of the process parameters involved in bone burring. The developed 
experimental apparatus designed in objective 1 will be used to vary the process 
parameters and quantify the outcome measurements using a sawbone analog as a 
workpiece. An appropriate statistical analysis will be performed on the outcome 
measurements and the results of the statistical analysis should give indication to a small 
set of combination parameters that are deemed to be optimal and suboptimal. 
Hypothesis 2: It was hypothesized that varying certain process parameters would result 
in statistically significant differences in the outcome measurements of cutting force, 
temperature, and vibration. Based on previous findings, it was expected that process 
parameters that lead to high material removal rates would increase cutting force, 
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temperature and vibration [40, 41]. It was also believed that certain combinations of 
process parameters would result in optimal or suboptimal means of performing the 
burring process. 
Objective 3: To validate optimal and suboptimal combinations of process parameters on 
cancellous bone. A cadaveric specimen will be selected that provides a realistic 
representation of human bone for bone burring. The developed apparatus will be used to 
quantify the outcome measurements for a statistical analysis to be performed and evaluate 
the optimal and suboptimal process parameters. 
Hypothesis 3: It was hypothesized that the optimal and suboptimal combinations of 
parameters would produce similar results in cancellous bone. It was also expected that the 
trends established in objective 2 would be transferrable to burring in a cadaveric 
specimen. 
1.7 Thesis Overview 
Chapter 2 describes the design and development of an experimental apparatus that has the 
capability to precisely control specific process parameters, and to perform concurrent 
measurements of three outputs associated with the bone burring process (i.e., cutting 
force, vibration, and temperature). Chapter 3 presents a full factorial analysis with the 
various process parameters and an evaluation of their effects on the outcome 
measurements in a sawbone analog. Chapter 4 expands on the analysis in Chapter 3 by 
identifying and selecting certain combinations of process parameters that are 
hypothesized to produce optimal or suboptimal process outputs. Chapter 5 presents a 
validation of the experimental apparatus from Chapter 2, and the method of quantifying 
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process parameter's effects from Chapter 3, by using the subsets of parameters 
determined in Chapter 4 on cadaveric porcine specimens. A general discussion and 
summary of the research is found within Chapter 6, as well as concluding statements and 
suggested future work. 
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Chapter 2 - Development of Experimental Apparatus for 
Investigation of Bone Burring 
2 s 
OVERVIEW: Experimental quantification of the characteristics associated 
with bone burring represents a desirable outcome from the perspective of 
design of bone burring tools as well as control feedback loops involved in 
orthopaedic robotic systems. The scope of the current chapter is focused on 
the development of an experimental apparatus capable to assess the 
parameters associated with light bone removal operations. The developed 
system allows for concurrent measurement of the three outputs associated 
with the bone removal process (cutting force, vibration, and temperature) as 
a function of various machining-specific parameters such as cutting tool’s 
size and type, rotary speed, feed rate, depth of cut as well as the orientation 
of the tool with respect to the workpiece. A representative sample of the 
outcome measurements is presented in this chapter as a demonstration of 
the capabilities of the developed device. 
2.1 Process Parameters and Dependent Variables 
An experimental apparatus was designed to quantify essential characteristic parameters 
associated with the bone burring process. For the purpose of this study, the following 
variables were regarded as the controlled inputs of bone burring: 
 Shape of burring bit 
 Diameter of burring bit (mm) 
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 Rotational speed of the tool (rpm) 
 Depth of cut (mm) 
 Feed rate (mm/s) 
 Cutting track overlap (%) 
 Inclination angle (°) 
 Tilt angle (°) 
The above process parameters encompass all of the machining-specific parameters 
associated with the bone burring process used in previous studies [34, 39-46]. A more in 
depth explanation of each of the process parameters can be found in section 1.3.1. 
Measurands were chosen to quantify and evaluate the effects of the burring parameters. 
The measurands selected to evaluate the performance of the bone removal process were: 
 Three-axial cutting force components (N) 
 Vibro-accelerations (m/s2) 
 Superficial temperature of specimen (°C) 
Cutting force between the burring tool and the workpiece is an essential component in the 
design of robotic systems to optimize accuracy of the cut and safety of the patient. 
Process parameters that lead to low cutting forces or below a certain threshold would be 
viewed as ideal parameters in which to carry out the burring process. Previous studies 
have investigated the cutting forces involved in joint resurfacing procedures, 
predominately for implementation into control feedback loops for robotic systems [34, 
39, 41, 43, 45]. The quantification of cutting forces has also been used for validation of 
haptic feed back systems [42].  
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The vibrations generated due to the burring procedure have a direct influence on accuracy 
of the cut. Additionally, in the context of control feedback loops for robotic systems, the 
vibrations generated may introduce noise into the system that may influence other 
transducers monitoring the cutting process. No study has yet to quantify the dynamic 
effects of the burring tool during the burring process. 
Bone resurfacing procedures (i.e. bone burring) may cause thermal damage 
(osteonecrosis) to the bone due to the high temperature generations that are associated 
with the procedures. Therefore, to avoid causing bone damage, it is vital to quantify 
process parameters which may lead to osteonecrosis. These parameters should be avoided 
to minimize the risk for a revision surgery. Attempts to quantify the effects of changing 
certain process parameters have been investigated using experimental measurements [39, 
40, 44, 46]. 
The structure of the developed experimental apparatus consists of the following: burring 
tool mount, workpiece clamp, and a servo-hydraulic actuator. Additional details 
regarding each of the components are provided in the following sections. 
 
 
 
 
33 
 
 
 
2.2 Experimental Apparatus 
2.2.1 Burring Tool Holder 
The Midas Rex Legend
®
 rotary burring tool (Medtronic Inc, Minneapolis, Minnesota) 
was selected as the orthopaedic bone burring system. The Midas Rex Legend model is a 
clinically relevant burring tool used by surgeons predominately in neurotology 
resurfacing procedures. The rotational speed of the tool ranges from 200 to 75,000 rpm 
and is controlled by an integrated closed-loop controller. The rationale behind selection 
of the Midas Rex Legend rotary burring tool for the current study was based primarily on 
the clinical relevance of the tool. 
The translational motion required between the cutting tool and the workpiece was 
supplied by means of an Instron
®
 actuator to which the bone removal system was 
securely attached. The orientation of the burring tool, with respect to the workpiece, was 
determined by two different angles: inclination and tilt, respectively. While the tilt of the 
cutting tool with respect of the workpiece normal at the cutter contact point (e.g. the 
theoretical contact point between the tool and workpiece) was performed in a horizontal 
plane by means of the Instron kinematics, its inclination in the vertical plane enclosing 
the workpiece normal passing through the cutter contact point was ensured by means of 
the circular pattern of holes depicted in Figure 2.1. These holes allow for an incremental 
change in the inclination of the tool between -45° and 45° (5° increments). The diameter 
of the circular pattern of holes align with the length of the burring tool; such that, at any 
angle, the center of the end tooling bit remains stationary (Figure 2.1). Detailed drawings 
of the fabricated components associated with the burring tool holder can be found in 
Appendix A. 
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Figure 2.1: Tool holder with adjustable orientation 
The Midas Rex Legend
® 
rotary burring tool (Medtronic Inc, Minneapolis, 
Minnesota) oriented at 0 degrees inclination and fastened in place on the tool holder 
apparatus. An inset of the tool positioned at +25 degrees inclination is also shown to 
illustrate the apparatus' ability to vary the inclination angle. 
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2.2.2 Workpiece Positioning 
The workpiece positioning system was designed to maintain the workpiece in a fixed 
spatial position with respect to the Instron frame (Figure 2.2). The primary component 
ensuring the location, support as well as clamping of the prismatic samples was a 
conventional tool shop vise. This allowed for the interchangeability of samples that could 
be gripped in place using the vise. 
To ensure that the workpiece was perpendicular to the feed rate of the tool; a series of 
nuts were fastened between the vise and the aluminum back plate. The addition of nuts 
between the vise and back plate allowed for the plane parallel to the workpiece face to be 
dependent on the location of the nuts. Four lock nuts were then used to fasten the vise in 
plane, locking any relative movement between the vise and tool.  
The workpiece fixture was mounted on a two-axis stage which allowed for the depth of 
cut and overlap of cut to be adjusted. Detailed drawings of the fabricated components 
associated with the workpiece positioning system can be found in Appendix A.
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Figure 2.2: Workpiece positioning system with adjustable horizontal position 
 
Z 
The workpiece positioning system used a shop vise to clamp the workpiece in place. 
A two axis stage was used to control the depth of cut and overlap of the burring 
process. 
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2.3 Measurement of Dependent Variables 
2.3.1 Data Acquisition System 
To ensure the correct time synchronization of all three measurands, all data collected by 
the sensors was supplied to an USB-6210 data acquisition unit (National Instruments 
Corporation, Austin, Texas) (Figure 2.3). The measurands were time stamped to allow for 
simultaneous comparison of the signals. NI LabVIEW software was used for collection 
and post-processing of the data that was sampled at 25 kHz for all transducers. 
Specification sheets of the transducers can be found in Appendix B. 
  
Temperature Sensing 
Hardware 
ATI Signal Conditioner ATI Mini 45 Load Cell 
Endevco Accelerometer Endevco Signal Conditioner 
Micro Epsilon Infrared 
Pyrometer 
Micro Epsilon Signal 
Conditioner 
NI USB-6210 Data 
Acquisition Unit 
 
Three transducers (load cell, accelerometer, and infrared pyrometer) were used to 
quantify the dependent variables. The transducers were integrated onto the tool holder 
and workpiece apparatus and sampled via a NI-USB data acquisition unit. 
Figure 2.3: Data acquisition system 
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2.3.2 Cutting Force Measurement 
A three-axis load cell (Mini45, ATI Technologies, Markham, Ontario) with a resolution 
of 1/16 N was used to acquire the triaxial components of the cutting force. The Mini 45 
load cell was selected due to its suitable range (±145 N) associated with the burring 
procedure as measured by previous studies and its ability to measure force in three planes 
[41, 42, 46]. The load cell was instrumented between the workholding device and the 
two-axis stage (Figure 2.4). A double Butterworth low pass filter of 10 Hz was applied on 
the cutting force signal that was decimated at 1 kHz for post-processing purposes.  
Six voltages supplied by the strain gauges instrumented within the load cell were sampled 
by the data acquisition unit. A transformation matrix, supplied by the manufacturer, was 
applied to the voltages to transform the voltages into forces. Forces in the X,Y, and Z 
direction were recorded. The axis of the load cell are described by the following axis: 
Z- direction: Parallel to feed direction of burring tool 
X-direction: Normal to workpiece face 
Y-direction: Orthogonal to both Z and X (parallel to workpiece face) 
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Figure 2.4: ATI 3-axis load cell placement 
ATI Mini 45 Load Cell 
X 
Z 
Y 
Y 
Z 
A three-axis load cell (shown in the inset) was instrumented between the shop vise 
and two axis stage. The load cell was used to capture the cutting force of the 
burring process. 
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2.3.3 Vibration Measurement 
A single-axis piezoelectric accelerometer (Endevco
®
 model 42A16, Meggitt Sensing 
Systems, Fribourg, Switzerland) was used in dynamic data acquisition (Figure 2.5). To 
monitor the dynamic effects of the system via an accelerometer, the accelerometer must 
be mounted to the object. As indicated by ISO 5349, the addition of mass caused by the 
accelerometer, can affect how the object vibrates [57]. A piezoelectric accelerometer was 
selected due to its light weight properties (8 grams). The accelerometer was stud mounted 
to a custom fabricated shaft collar which was in turn mounted to the burring tool (Figure 
2.5). The relevant technical specifications of the accelerometer are: ±50 g range, 100 
mV/g sensitivity, and an amplitude response (±5%) of 1 to 10 kHz. The accelerometer 
was coupled with a power supply and signal conditioner (Model 4416B Endevco
®
). A 
double Butterworth low pass filter of 10 kHz was applied to the accelerometer.  
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Figure 2.5: Uni-axial Endevco accelerometer placement 
Endevco Accelerometer 
The single DOF accelerometer (shown above in blue) was stud mounted to a 
custom fabricated shaft collar, to capture the vertical (e.g. parallel to tool feed) 
vibrations of the tool holding system.  
 
42 
 
 
 
2.3.4 Temperature Measurement  
An infrared pyrometer (Micro-Epsilon, Model CT-SF02, Raleigh, North Carolina), was 
used for temperature measurement. An infrared pyrometer was selected as it provides a 
non-contact means of temperature measurement. A non-contact method has advantages 
over traditional contact methods (i.e. thermocouple) as the workpiece/bone does not need 
to be altered by placement of the transducer. Additionally, the non-contact method 
provides a less strenuous means of measuring successive burring paths, as the pyrometer 
does not need to be recalibrated based on the position of the measurement with respect to 
the sensor. The infrared pyrometer selected provides an accuracy of 1°C and resolution of 
0.1°C. As the width of cutting channels associated with "light resurfacing" procedures 
can be very small (approximately 2 to 6 mm), a CF02 lens was added to the pyrometer to 
reduce the spot size to 2.4 mm at a standoff distance of 30 mm. The main rationale in 
selection of the Micro-Epsilon infrared pyrometer and lens was due to the capability to 
produce such a small measurement spot size.  
The infrared pyrometer was instrumented to measure the cutting track of the workpiece 
immediately after the resurfacing. Although the ideal measurement of temperature should 
happen at the cutter contact point, this optimal position is permanently occluded by the 
cutting tool itself. Therefore, the pyrometer was focused on an area located immediately 
behind the cutting tool (Figure 2.6).  
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Figure 2.6: Infrared pyrometer placement 
Infrared Pyrometer 
The pyrometer (shown above in red) was instrumented to capture the post-cutting 
surface temperature and was mounted in a position to ensure a direct line of sight to 
the machined track located immediately behind the cutting tool. A sample cutting track 
is shown in the inset for visual purposes to illustrate the lagging measuring spot of the 
pyrometer during a burring trail. 
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2.4 Sample Experiment 
Pre-testing verification of the experimental apparatus was performed to ensure the 
accuracy of the developed apparatus. The procedure and results of these studies can be 
found in Appendix C. A list of the trails performed in the pre-testing verification include: 
 Noise testing of all transducers 
 Depth of cut calibration 
 Load cell measurement verification 
 Effect of time between successive burring trials on temperature measurements 
 Alignment of pyrometer 
Following the pre-testing verification of the experimental apparatus, the following 
parameters were used for a sample cut with the developed apparatus: 
 Rotational speed of the tool: 45,000 rpm 
 Tool type: spherical burring tool of 6 mm diameter 
 Depth of cut: 1.0 mm 
 Feed rate: 6 mm/s 
 Cutting track overlap: 50% 
 Inclination angle: 0°  
 Tilt angle: 45° 
For the testing and validation purposes of the present study, cancellous-grade sawbone 
was chosen as the workpiece material since it ensures a uniform and consistent 
biomechanical structure [58]. In agreement with the overall context of the present study, 
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the selected sawbone has a density of 0.32 g/cm
3
 which is comparable to that of a healthy 
joint bone [27]. 
Under these cutting conditions, a representative sample of the pyrometer, load cell and 
accelerometer measurements is presented in Figure 2.7. Depending on the status of the 
cutting tool as well as its relative position with respect to the workpiece, the plots indicate 
that the cutter could be either off, disengaged/idling or engaged in a cut. As such, all 
subsequent results will only be discussed in the context of the engaged state of the tool. 
Furthermore, during the bone removal phase associated with tool/workpiece engagement, 
it can be noticed that a stable cutting regime is attained when the tool has become fully 
engaged with the material and this should preclude the start and end portions of the cut 
when the tool is less than the diameter of the tool away from the material boundaries. A 
fast Fourier transform (FFT) was performed on the stable regime of the vibration data and 
is presented in Figure 2.8.  
46 
 
 
 
  
1 
Vibration Temperature 
Fx Fy Fz 
Figure 2.7: Simultaneous measurements of dependent variables  
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A sample output of the outcome measurements (temperature, vibration, and cutting 
force) is shown above. The stable state of the cut, defined as one tool diameter away 
from the entry and exit points, is indicated by orange lines on the graph above. The 
stable state of the cut was used for statistical analysis of the burring trials. 
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Figure 2.8: Fast Fourier transform of steady state vibration data 
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A fast Fourier transform (FFT) was applied to the stable regime of vibration 
measurements to translate data from the time domain into the frequency domain. 
Vibration frequencies peaked at 750 and 1500 Hz, corresponding to the tool’s 
rotational speed (45,000 rpm) and the second harmonic of the base frequency, 
respectively. 
2 
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2.4.1 Signal Post Processing 
To prepare the data for a statistical analysis, post processing was performed on the stable 
region of the outcome variables.  
2.4.1.1 Cutting Force 
To provide a repeatable measurement for comparison of cutting forces; the mean of all 
samples within the stable region was used. The clipped data of the sample experiment 
along with a histogram of the results are shown in Figure 2.9-Figure 2.11. To ensure an 
accurate means of measurement, signal to noise ratio (SNR) was used to characterize the 
performance of the load sensing device. To calculate the SNR, the average of the 
quantified signal (Psignal) was divided by the noise of the system (Pnoise) and converted 
into decibels (Eq. 2.1). 
              
       
      
  (2.1) 
Equation 2.1: SNR calculation  
The higher the SNR of the signal, the easier it is to extract an accurate measurement. A 
SNR of greater than 5 dB was deemed appropriate to be in line with previous 
experimental force measurements acquired in a bone burring process [41]. 
2.4.1.2 Vibration 
To evaluate the dynamic effects of the tool between various process parameters and allow 
for a statistical analysis to be performed, a means to quantify the vibration was needed. A 
previous relevant study performed by Federspil et al. quantified the vibration of the 
workpiece during the burring process; however, only a single trial was performed during 
the experimental protocol [34]. Therefore, no means of evaluating the dynamic effects 
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between experimental trails was needed within the author's methods [34]. To allow for a 
statistical analysis to be performed on the dynamic effects of the tool holder; a metric 
adapted from the standard involving measuring hand-arm vibrations was used [57]. The 
typical standard employs a frequency-weighting (range 8-1,000 Hz) bandwidth to 
quantify the harmful effects resulting from hand tool vibration. Previous studies have 
used the root-mean-square vibration and quantified it through use of frequency-weighting 
technique for biomechanical applications [48-51]. However, as the main goal of the 
current work is to quantify the whole bandwidth of dynamic effects rather than certain 
harmful frequencies (8-1,000 Hz), the entire frequency bandwidth quantified by the 
accelerometer (1-10,000 Hz) was used to calculate the root-mean-square vibration (g-
rms). The clipped data of the sample experiment along with a histogram of the results are 
shown in Figure 2.12. 
2.4.1.3 Temperature 
A sample output of the temperature of the workpiece throughout the burring process is 
provided in Figure 2.13. A limitation in the context of providing a mean steady state 
value for temperature data was exposed when analyzing the stable region of the cutting 
process. The limitation is such that the temperature increases throughout the burring 
process, thus never entering a steady state condition. To allow for a consistent 
comparison of temperature generation, a constant length (65 mm) was used for each 
sawbone specimen. The maximum 100 samples of temperature measurements were then 
extracted and post processed to determine the mean temperature of the burring trial. The 
temperature data along with a box plot of the sample experiment are shown in Figure 
2.13. 
50 
2.4.1.4 Normality Testing 
Normality testing was performed on the steady state outcome variables of cutting force 
and vibration. As the sample sizes were very large for cutting force (n=9000) and 
vibration (n=225,000), skewness and kurtosis were used to evaluate normality of the data. 
An absolute skewness or kurtosis > 2 was used as a reference for departure from 
normality [59]. 
2.4.1.5 Repeatability Testing 
Repeatability of the experimental apparatus was quantified based on three separate 
burring trials. The outcomes of the dependent variables, as outlined above, were 
compared and the repeatability of the system was reported as ±1 standard deviation. 
Benchmarks (±1 standard deviation) for the experimental apparatus was based upon 
previously developed experimental studies which were: forces in all three planes < 0.3 N, 
temperature < 2.5 ᴼC, and vibration < 3 g-rms. The mentioned numbers were obtained 
from previous experimental apparatuses designed to quantify the characteristics of bone 
burring [40, 41]. Although the process parameters and workpiece do not exactly align, the 
context of burring bone with a light resurfacing procedure is similar. Therefore, it is 
reasonable to postulate that the developed experimental apparatus will have similar 
repeatability traits to that of the mentioned studies. To determine an appropriate 
benchmark for vibration measurements, a pilot study was performed to view the effects at 
various ranges of process parameters. It was determined that 0.5 g-rms would serve as an 
appropriate benchmark to draw out significant effects in a statistical analysis. 
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Figure 2.9: Steady state measurement of cutting force (X-direction) 
The measurements of Fx in stable state (n=9000) and histogram of measurements are 
shown above. The mean force (blacked dash line) ± one standard deviation (red 
dashed line) is overlaid on the force measurements. The mean force (0.55 ± 0.06 N) of 
the samples within the stable state was used for statistical analysis. The SNR was 
found to be 8.8 dB. A histogram, along with an overlaid normally distributed curve 
(black dashed line) is also plotted. The skewness of the Fx histogram was 0.161; the 
kurtosis was -0.334. 
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The measurements of Fy in stable state (n=9000) and histogram of measurements are 
shown above. The mean force (blacked dash line) ± one standard deviation (red 
dashed line) is overlaid on the force measurements. The mean force (0.30 ± 0.07 N) of 
the samples within the stable state was used for statistical analysis. The SNR was 
found to be 6.8 dB. A histogram, along with an overlaid normally distributed curve 
(black dashed line) is also plotted. The skewness of the Fy histogram was 0.25; the 
kurtosis was 0.15. 
Time (s) 
Figure 2.10: Steady state measurement of cutting force (Y-direction) 
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Figure 2.11: Steady state measurement of cutting force (Z-direction) 
The measurements of Fz in stable state (n=9000) and histogram of measurements are 
shown above. The mean force (blacked dash line) ± one standard deviation (red 
dashed line) is overlaid on the force measurements. The mean force (-0.61 ± 0.06 N) 
of the samples within the stable state was used for statistical analysis. The SNR was 
found to be 10.1 dB. A histogram, along with an overlaid normally distributed curve 
(black dashed line) is also plotted. The skewness of the Fz histogram was -0.10; the 
kurtosis was 0.04. 
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Figure 2.12: Steady state measurement of vibration 
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The measurements of vibration in stable state (n=225,000) and histogram of 
measurements are shown above. The mean vibration (blacked dash line) ± one 
standard deviation (red dashed line) is overlaid on the vibration measurements. The 
mean vibration (0.04 ± 4.43 g) of the samples within the stable state was found and a 
root mean square of 4.4g was used for statistical analysis. A histogram, along with an 
overlaid normally distributed curve (red dashed line) is also plotted. The skewness of 
the vibration histogram was 0.19; the kurtosis was 0.84. 
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Temperature Generation Throughout Sample Cut 
Figure 2.13: Temperature measurement obtained from sample cut 
The results produced by the infrared pyrometer throughout the sample experiment are 
shown above. A limitation encountered during the sample experiment, is that the 
temperature measurements do not reach a steady state. To allow for consistent 
comparisons to be made, an array (n=100) of maximums was averaged. A boxplot of 
these 100 values is shown to check for outliers. An average temperature of 27.8 °C 
was calculated as shown by the boxplot. 
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2.4.2 Sample Experiment Results 
The analysis of the acquired sample data indicates that – under the tested cutting 
conditions – the superficial temperature of the workpiece increased from 20.7±0.1 °C to 
27.8±0.1 °C, while the cutting forces generated in the process were all less than 1 N (Fx 
= 0.55 ± 0.06 N, Fy = 0.30 ± 0.07 N, Fz = -0.61 ± 0.06 N). The vibrations generated 
during the process varied between +25 and -22 g (peak to peak values) with a root-mean-
square value of 4.4 g. In the frequency domain (FFT transform), peaks were recorded at 
750 and 1500 Hz corresponding to the tool’s rotational speed (45,000 rpm) and the 
second harmonic of the base frequency, respectively. In the disengaged state of the tool, 
vibration and cutting forces were identical before and after the cut, while the temperature 
dropped gradually after the cut before reaching room temperature value. The repeatability 
of the system (±1 standard deviation) was found to be: Fx = 0.08 N, Fy = 0.01 N, Fz = 
0.09 N, vibration = 0.36 g-rms, and temperature = 1.4 °C. The SNR of the load cell in 
each direction was found to be: Fx = 8.8 dB, Fy = 6.8 dB, and Fz = 10.1 dB.  
2.5 Chapter Summary 
The experimental apparatus was able to monitor the cutting force and temperature data 
simultaneously with the dynamic measurements. Dominant frequencies, as found in the 
FFT, corresponded to the base and harmonic frequencies of the rotational speed of the 
tool. These measurements of the system were found to be highly repeatable showing 
small differences (±1 standard deviation) of: cutting force <0.1 N, temperature <2 ᴼC, 
and vibration <0.4 g-rms. The repeatability of the developed apparatus is in line with 
previously developed experimental studies that quantified force and temperature, 
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performed by Dillon et al. and Shin et al., respectively [40, 41]. The SNR of the load cell 
was also comparable to that of previous experiments, greater than 5 dB in all directions; 
thus satisfying our first hypothesis [41]. The measurements during a burring trial are also 
normally distributed for cutting force and vibration, confirming that the burring process 
has entered a steady state for these measurements and that the transducers are capturing 
this accurately. Although the temperature of the workpiece did not appear to enter a 
steady state, a consistent comparison can still be made by ensuring a constant length of 
the workpiece.  
To fully quantify the effects of the process parameters associated with bone burring, a 
larger experimental study, which involves varying the levels of the process parameters, is 
needed. The developed apparatus offers the ability to evaluate and prescreen specific 
machining parameters in an in-vitro bench top setting before implementation into an in-
vivo surgical setting. 
3  
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Chapter 3 - Experimental Analysis of the Effect of Process 
Parameters on Selected Outcome Measurements 
OVERVIEW: The aim of the current chapter is to quantify the main effects 
and interdependencies of eight independent variables on five outcome 
measurements associated with a bone burring procedure in a cancellous 
sawbone analog. Rationale for selection of the independent variables as 
well as the associated levels are discussed. As well, a method to normalize 
the infrared pyrometer temperature measurements to specified feed rates is 
presented. A full factorial analysis with repeated trials was performed. A 
statistical analysis (multivariate analysis of variance) was conducted to 
quantify the main-effects and interactions between the parameters. 
Descriptive statistics were also used to identify process parameters that led 
to maximums and minimums for each of the outcome measurements (cutting 
force in three planes, vibration and temperature).  
3.1 Selection of Process Parameters 
An investigational study to characterize the burring process associated with bone removal 
was conducted using the experimental apparatus developed in Chapter 2. The rationale 
behind selection of levels regarding the burring process was based upon relevant previous 
published studies, and practical relevance.  
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In selection of the tool shape and diameter it is important to consider the bone removal 
rate (cross-sectional area of the engaged burr times the feed rate) which is in part dictated 
by the selection of the burring tool. A larger diameter of tool offers the ability to increase 
the bone removal rate; however, the size of the tool may be limited by the geometrical 
constraints of the burring cavity. Additionally, if the process was to be automated, a tool 
path would be required before conducting the burring procedure. Medtronic fluted burrs, 
sphere and cylinder shaped, were selected as possibilities to be implemented in the 
burring process. Although the cylinder tool offers the possibility of shorter procedure 
times due to the larger cross-sectional area, the cylinder tool complicates the design of a 
tool path due to its inherent complex burring channels that ensue upon rotation of the 
tool. The effect of changing burr types (fluted vs. diamond coated) has been evaluated in 
the context of cutting force [41]. However, in other relevant studies, a sphere burr was 
selected exclusively within the burring process [39, 40]. A direct comparison, using a 
sphere and cylinder fluted burr has yet to be quantified with outcome measurements of 
temperature, vibration, and cutting force. The diameter of the tool was also varied 
between 4 and 6 mm. In total, four fluted burrs were chosen within this experimental 
matrix (4 mm sphere, 6 mm sphere, 4 mm cylinder, 6 mm cylinder). 
Arbabtafti et al. examined the effects of rotational speed of the tool on cutting force using 
experimental measurements [42]. Arbabtafti et al. selected spindle speeds between 
17,000 to 28,000 rpm and found that increasing the rotational speed resulted in a decrease 
of cutting force in all directions. Other relevant studies fixed rotational speeds at or in the 
ranges of: 30,000 to 50,000 rpm [40], 10,000 to 40,000 rpm [39], and 120,000 rpm [45]. 
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Therefore, within this experimental study, tool rotational speeds of 15,000, 45,000, and 
75,000 rpm were selected to represent a range of the previous studies. 
Quantifying the effects of varying feed rate and depths of cut has been investigated using 
cutting force and temperature generation as the outcome measurements. Shin et al. 
selected feed rates in the range of 2.0 to 9.8 mm/s and depths of cut between 0.3 to 1.0 
mm [40]. Additionally, Dillon et al. selected depths of cut in the range of 0.6 to 1.6 mm 
and feed rates in the range of 1 to 8 mm/s [41]. It was found that increasing depth of cut 
increased cutting force and temperature, and increasing feed rate increased cutting force 
but decreased temperature. For this experimental study, feed rates of 2 and 6 mm/s and 
depths of cut of 0.5 and 1.0 mm were selected. A 0% overlap or "fully immersed" burring 
path is typically used in previous experimental studies to quantify process parameters 
[40, 41]. However, a 0% percent overlap is rarely encountered practically in a burring 
procedure, as it only occurs on the first path of the tool. Therefore, the effects of varying 
overlap between successive burring paths was investigated by choosing levels of 0%, 
10%, and 50%.  
Due to the nature of minimally invasive surgeries and the limited burring cavity, the 
workspace of the tool may be limited to certain orientations. Therefore, the effects of 
varying the angle of the tool with respect to the workpiece was evaluated. The inclination 
angle and tilt angle were varied with associated increments within this study. Dillon et al. 
investigated the effects of tilt angle on cutting force, by selecting angles of 0,30,50, and 
70 degrees [41]. Tilt angles of 0 and 45 degrees were selected within the current 
experimental protocol. Inclination angles of 0, +40, and -40 degrees were also chosen. 
Although, a -40 degrees inclination angle may not be ideal due to the cutting edge and 
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design of the tool, the orientation of the tool may be unavoidable in a minimally invasive 
surgery.  
With the large amount of burring trials to be performed within the full factorial analysis 
(864 unique conditions) the use of cadaveric specimens was disregarded due to the 
quantity of specimens that would be needed to carry out the experiment. As cadaveric 
specimens are expensive and not-readily available; coupled with the fact that the bone 
can only be burred once and would subsequently limit the amount of burring trials that 
could be performed on a single specimen (primarily restricted by the amount of 
cancellous bone within the ephysis of the bone), a sawbone analog was selected as a 
substitute. A sawbone analog provided a uniform workpiece to allow for comparison of 
the process parameters and ensured a consistent biomechanical structure [58]. The main 
benefit of using a sawbone analog is that the differences evoked from the statistical 
analysis would be due to the process parameters rather than differences between the 
workpiece that might be exhibited in cadaveric specimens. Although the differences 
between magnitudes will surely be different in sawbone and a cadaveric specimen, the 
trends drawn out from using a sawbone will be relevant moving forward. In agreement 
with the overall context of the present study, the selected sawbone that was used was 
comparable to that of a health joint bone (density = 0.32 g/cm
3
) [27]. 
Although previous conducted studies have investigated a bulk of the parameters outlined, 
tool type and overlap are the only process parameters novel to this experiment, no study 
has yet to quantify the process parameters with the five outcome measurements discussed 
in Chapter 2 (cutting force in three planes, temperature, and vibration). Therefore, 
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tradeoffs in how the outcome measurements are affected by the process parameters have 
not been fully quantified and thoroughly understood.  
Additionally, no previous study has incorporated a full factorial analysis with eight of the 
process parameters varied. Previous studies relied on fixing parameters to certain levels 
within the burring process, which in turn limits the amount of conditions that were tested. 
The full factorial design is advantageous as all combinations of process parameters are 
analyzed and does not alias any effects which may be found in a fractional factorial 
analysis. Therefore, by performing a full factorial statistical analysis, no combination of 
parameters are missed which may lead to desirable or undesirable burring outcomes. 
Table 3.1: Selected levels of process parameters 
 
Tool 
Type 
Diameter 
(mm) 
Rotational 
Speed 
(rpm) 
Tilt 
Angle 
(ᴼ) 
Inclination 
Angle (ᴼ) 
Feed 
Rate 
(mm/s) 
Depth 
of Cut 
(mm) 
Overlap 
(%) 
Level-1 Sphere 6 15,000 0 0 2 0.5 0 
Level-2 Cylinder 4 45,000  45 +40 6 1.0 10 
Level-3 - - 75,000  - -40 - - 50 
The above table outlines the parameters chosen in the experimental design. The levels of 
process parameters are specified underneath their respective column.  
Note: tool type, diameter, tilt angle, feed rate, and depth of cut have only 2 levels.
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3.1.1 Feed Rate Normalization 
A limitation of the experimental apparatus designed in Chapter 2 was that the infrared 
pyrometer was positioned such that it was focused on an area located immediately behind 
the cutting tool. A consequence of introducing a lag between the pyrometer and the 
cutting tool, was that a cooling time was introduced into the system. Therefore, without a 
way to account for the cooling, the measured temperature would underestimate the actual 
temperature at the tool-workpiece interface. 
The amount of time the workpiece was allowed to cool before a measurement was made 
was dependent on the feed rate that was chosen. For the two feed rates selected, 2 and 6 
mm/s, a cooling time of 2.5 and 0.8 seconds occurred respectively. To account for the 
cooling introduced into the system and allow for comparisons of different feed rates, 
Newton's law of cooling model was applied to the experimental machining process. 
Newton's law of cooling was applied by fitting an exponential curve to experimental 
measurements at different time points. To apply Newton's law of cooling model to the 
experimental burring process, the burring parameters were fixed to produce repeatable 
temperature measurements. The infrared pyrometer was then adjusted to different lagging 
distances, which corresponded to different cooling times. Three lagging distances (with 5 
repeated measurements) were used to quantify the cooling of the system which are: 
X1 - 5 mm trailing 
X2 - 10 mm trailing 
X3 - 15 mm trailing 
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Z 
 
X1 (5 mm) 
X2 (10 mm) 
X3 (15 mm) 
Feed Rate 
Pyrometer 
Machined Slot 
Burring Tool 
Measuring Spot 
Figure 3.1: Quantifying cooling of the workpiece during a burring trail 
Pyrometer Trailing 
Positions 
An illustration of the infrared pyrometer at different lagging distances is shown 
above. Three lagging distances were used: X1 (5 mm trailing), X2 (10 mm 
trailing), and X3 (15 mm trailing). The measurements were repeated five times at 
each lagging distance, and for both feed rates; 2 and 6 mm/s. 
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Figure 3.2: Temperature normalized to the center of the burring tool 
Results from the feed rate normalization experiment are shown above. X1, X2, and X3 
are plotted along with their respective feed rates, 2 mm/s (red) and 6 mm/s (black). A 
exponential line of best fit was applied to both feed rates; the equation and R
2
 values 
can be found within the outlined boxes above. The lines of best fit were used to 
extrapolate the temperature at the theoretical contact point between the tool and 
workpiece. 
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An exponential curve was fitted to the experimental temperature measurements at both 
feed rates. The curves of best fit showed strong correlation (R
2
>0.87). Extrapolating these 
curves to the center of the tool, the points intersect at approximately the same point (ΔT ≈ 
33 ᴼC). 
Moving forward, the cooling curves quantified in this developmental test were applied to 
the temperature measurements. The temperature at the center of the tool was then 
extrapolated based on the cooling time with the associated feed rate. By normalizing the 
temperature to the center of the tool, separate feed rates could be compared. 
3.2 Statistical Analysis 
A full factorial analysis was conducted to determine the effects of the burring process 
parameters had on the selected outcome measurements. Outcome measurements that 
were chosen include: temperature generation, vibration, and cutting forces in the X,Y, 
and Z direction. An experimental matrix was constructed based on the levels of each 
process parameter 2x2x2x3x3x2x2x3 with three replications, thus resulting in a total of 
2592 observations. 
A multivariate analysis of variance (MANOVA) was conducted to determine whether a 
parameter was statistically significant on producing an effect on the overall statistical 
model. The results were further analyzed by conducting a univariate analysis of variance 
(ANOVA) on each of the dependent variables. To determine which criteria to use for 
significance testing, the homogeneity of variances-covariance was analyzed. If the 
assumption of homogeneity of variances-covariance as indicated by Box's M test was 
met, Wilk's Lambda test was used; if the assumption was violated, Pillai's Trace was 
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used. If statistical significance was found at the univariate level, a pairwise comparison 
test was also conducted using the bonferroni correction factor. An overall alpha of 0.05 
(p<0.05) was used to determine statistical significance. All results are reported as the 
population mean ± 95% confidence interval. A more in-depth discussion of the statistical 
tools employed within the current work can be found in Appendix D. 
To examine the combinations of process parameters that led to maximum and minimum 
conditions, descriptive statistics were used. Five of the process parameters were fixed, 
and the average of the resulting three parameters were used to examine sensitivity of the 
outcome measurements to the process parameters. These conditions are important as they 
demonstrate the variability that the selection of certain process parameters (fixing five 
process parameters and altering three throughout the machining process) could have on 
the outcome measurements.  
3.3 Effects of Process Parameters on Outcome Measurements 
Each process parameter was found to be statistically significant at the multivariate level 
(p<0.001). A summary of the MANOVA, and ANOVA results can be found in Table 3.2-
Table 3.7. The main effects of the pairwise comparison are illustrated in Figure 3.3 and 
Figure 3.4. 
3.3.1 Cutting Force 
A rotational speed of 75,000 rpm produced the lowest average forces (Fx=0.22±0.04 N, 
Fy=0.06±0.04 N, Fz=-0.14±0.04 N), compared to 15,000 rpm (Fx=0.56±0.04 N, 
Fy=0.15±0.04 N, Fz=-0.34±0.04 N) (p<0.001) and 45,000 rpm (Fx=0.31±0.04 N, 
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Fy=0.09±0.04 N, Fz=-0.21±0.04 N) (p<0.001) (Figure 3.3). Increasing the feed rate from 
2 to 6 mm/s resulted in an increase of forces of Fx=0.13±0.04 N, Fy=0.03±0.04 N, and 
Fz=-0.14±0.04 N (p<0.001). As well, increasing the depth of cut from 0.5 to 1.0 mm 
resulted in an increase of forces of Fx=0.14±0.04 N, Fy=0.06 ±0.04 N, and Fz=-0.16 
±0.02 N (p<0.001). It was found that based on the selection of process parameters, the 
variability of the cutting force (maximum-minimum) was: Fx=2.0 N, Fy=0.8 N, and Fz=-
0.9 N (Figure 3.5 - Figure 3.7). 
3.3.2 Vibration 
A rotational speed of 75,000 rpm produced the highest average vibration of 5.80±0.04 g-
rms compared to the 15,000 and 45,000 rpm which produced 2.46±0.04 g-rms (p<0.001) 
and 4.02±0.04 g-rms respectively (p<0.001) (Figure 3.4). Increasing the feed rate from 2 
to 6 mm/s on average increased the vibration by 0.69±0.04 g-rms (p<0.001). Also, 
increasing the depth of cut from 0.5 to 1.0 mm resulted in an increase in vibration by 
0.54±0.04 g-rms (p<0.001). The selection of process parameters was found to alter the 
vibration quantified up to 5.6 g-rms depending on which parameters were fixed and at the 
specified level (Figure 3.8). 
3.3.3 Temperature 
A sphere tool (34.8±0.2 ᴼC) produced lower average temperatures than the cylinder tool 
(38.4±0.2 ᴼC) (p<0.001) (Figure 3.4). An inclination angle of +40 degrees resulted in the 
lowest average temperature (30.5±0.2 ᴼC) compared to 0 degrees (40.1±0.2 ᴼC) and -40 
degrees (39.1±0.2 ᴼC) inclination angle (p<0.001). A rotational speed of 75,000 rpm 
produced the lowest average temperature (35.0±0.2 ᴼC) compared to 15,000 rpm 
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(37.2±0.2 ᴼC) and 45,000 rpm (37.6±0.2 ᴼC) (p<0.001). The selection of process 
parameters was found to alter the temperature measured of up to 33.5 ᴼC depending on 
which parameters were fixed and at the specified level (Figure 3.9). 
Table 3.2: Summary of MANOVA results 
MANOVA 
Process Parameter Criterion F Value p-value Partial Eta Squared Conclusion 
Tool Type Pillai's Trace 1144.8 <0.001 0.769 Significant 
Diameter Pillai's Trace 557.8 <0.001 0.618 Significant 
Tilt Angle Pillai's Trace 12138.7 <0.001 0.972 Significant 
Inclination Angle Pillai's Trace 12422.1 <0.001 0.973 Significant 
Rotational Speed Pillai's Trace 895.1 <0.001 0.722 Significant 
Feed Rate Pillai's Trace 2053.8 <0.001 0.856 Significant 
Depth of Cut Pillai's Trace 2510.3 <0.001 0.879 Significant 
Overlap Pillai's Trace 233.3 <0.001 0.403 Significant 
Table 3.3: Summary of ANOVA results - Fx 
ANOVA - Fx 
Process Parameter F Value p-value Partial Eta Squared Conclusion 
Tool Type 20.6 <0.001 0.012 Significant 
Diameter 925.8 <0.001 0.349 Significant 
Tilt Angle 19235.7 <0.001 0.918 Significant 
Inclination Angle 16945.8 <0.001 0.951 Significant 
Rotational Speed 16266.0 <0.001 0.950 Significant 
Feed Rate 6896.3 <0.001 0.800 Significant 
Depth of Cut 7303.4 <0.001 0.809 Significant 
Overlap 612.6 <0.001 0.415 Significant 
Table 3.4: Summary of ANOVA results - Fy 
ANOVA - Fy 
Process Parameter F Value p-value Partial Eta Squared Conclusion 
Tool Type 69.0 <0.001 0.038 Significant 
Diameter 245.1 <0.001 0.124 Significant 
Tilt Angle 321.3 <0.001 0.157 Significant 
Inclination Angle 35551.8 <0.001 0.976 Significant 
Rotational Speed 2300.2 <0.001 0.727 Significant 
Feed Rate 564.4 <0.001 0.246 Significant 
Depth of Cut 2978.7 <0.001 0.633 Significant 
Overlap 405.9 <0.001 0.320 Significant 
70 
 
 
 
Table 3.5: Summary of ANOVA results - Fz 
ANOVA - Fz 
Factor F Value p-value Partial Eta Squared Conclusion 
Tool Type 1033.1 <0.001 0.374 Significant 
Diameter 24.6 <0.001 0.014 Significant 
Tilt Angle 3033.7 <0.001 0.637 Significant 
Inclination Angle 4962.9 <0.001 0.852 Significant 
Rotational Speed 4297.8 <0.001 0.833 Significant 
Feed Rate 2804.7 <0.001 0.619 Significant 
Depth of Cut 7755.8 <0.001 0.818 Significant 
Overlap 1480.2 <0.001 0.631 Significant 
 
 
Table 3.6: Summary of ANOVA results - vibration 
ANOVA - Vibration 
Factor F Value p-value Partial Eta Squared Conclusion 
Tool Type 49.4 
4418 
<0.001 0.367 Significant 
Diameter 19.0 <0.001 0.501 Significant 
Tilt Angle 81.0 <0.001 0.478 Significant 
Inclination Angle 165.8 <0.001 0.818 Significant 
Rotational Speed 5532.6 <0.001 0.365 Significant 
Feed Rate 714.5 <0.001 0.027 Significant 
Depth of Cut 433.8 <0.001 0.736 Significant 
Overlap 121.9 <0.001 0.464 Significant 
 
 
Table 3.7: Summary of ANOVA results - temperature 
ANOVA - Temperature 
Factor F Value p-value Partial Eta Squared Conclusion 
Tool Type 2537.3 <0.001 0.595 Significant 
Diameter 2782.1 <0.001 0.329 Significant 
Tilt Angle 9796.6 <0.001 0.633 Significant 
Inclination Angle 7165.0 <0.001 0.892 Significant 
Rotational Speed 500.9 <0.001 0.367 Significant 
Feed Rate 1119.8 <0.001 0.393 Significant 
Depth of Cut 5244.5 <0.001 0.752 Significant 
Overlap 777.6 <0.001 0.474 Significant 
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Fy Fx 
Figure 3.3: Main effects of process parameters on cutting force (Fx, Fy, and Fz) 
Fz 
The pairwise comparison results, Fx (purple), Fy (green), and Fz (teal), are presented in the figure above. Only the main 
effect plots are shown. 
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Vibration Temperature 
Figure 3.4: Main effects of process parameters on temperature and vibration 
The pairwise comparison results, vibration (blue) and temperature (red), are presented in the figure above. Only the main effect 
plots are shown. 
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Figure 3.5: Maximum and minimum measurements for cutting force - Fx 
Cutting Force - Fx 
Parameters that lead to maximum and minimum measurements for cutting force in the 
X direction are presented above. A fixed combination of parameters (listed above) that 
led to maximum outcomes resulted in an average cutting force of 2.01±0.08 N. A 
combination of parameters that led to minimum outcomes resulted in forces of 
0.03±0.01 N. 
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Figure 3.6: Maximum and minimum measurements for cutting force - Fy 
Cutting Force - Fy 
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Parameters that lead to maximum and minimum measurements for cutting force in the 
Y direction are presented above. A fixed combination of parameters (listed above) that 
led to maximum outcomes resulted in an average cutting force of 0.76±0.15 N. A 
combination of parameters that led to minimum outcomes resulted in forces of 
0.00±0.06 N. 
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Figure 3.7: Maximum and minimum measurements for cutting force - Fz 
Cutting Force - Fz 
     2     6                 2        6             2         6                2        6 
Parameters that lead to maximum and minimum measurements for cutting force in the 
Z direction are presented above. A fixed combination of parameters (listed above) that 
led to maximum outcomes resulted in an average cutting force of -0.92±0.32 N. A 
combination of parameters that led to minimum outcomes resulted in forces of -
0.04±0.03 N. 
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Figure 3.8: Maximum and minimum measurements for vibration 
Vibration 
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Parameters that lead to maximum and minimum measurements for vibration are 
presented above. A fixed combination of parameters (listed above) that led to 
maximum outcomes resulted in an average vibration of 7.8±1.7 g-rms. A combination 
of parameters that led to minimum outcomes resulted in vibrations of 2.2±0.4 g-rms. 
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Figure 3.9: Maximum and minimum measurements for temperature 
Temperature 
Parameters that lead to maximum and minimum measurements for temperature are 
presented above. A fixed combination of parameters (listed above) that led to 
maximum outcomes resulted in an average temperature of 61.2±5.8 ᴼC. A 
combination of parameters that led to minimum outcomes resulted in an average 
temperature of 27.7±3.0 ᴼC. 
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3.4 Chapter Summary 
A full factorial analysis of eight process parameters with various levels was conducted. 
Statistical significance was found at the multivariate level for each of the process 
parameters. Statistical significance was also found at the univariate level for each of the 
outcome measurements and process parameters. This was likely due to the very high 
performance levels of repeatability and measurement precision that the apparatus was 
able to produce in Chapter 2. High signal-to-noise, coupled with high repeatability and 
high precisions, improve the statistical power of finding significance in even small effect 
sizes. As such, even small changes in any process parameter produced statistically 
significant effects in the outcomes measurements. While strong performance metrics are 
positive for the apparatus design in Chapter 2, this posed difficult in identifying specific 
influential parameters.  
The variability in outcome measurements was also examined, through use of process 
parameters the led to maximum and minimums for each of the outcome measurements. 
The variability in selection of process parameters is important, as it quantifies to what 
amount the selection of process parameters can affect the outcome measurements 
independently. The selection of process parameters can bring the cutting force values all 
below a threshold of 0.25 N. The dynamics of the system can also be minimized from an 
average of 7.8±1.7 g-rms to an average of 2.2±0.4 g-rms. Additionally, temperatures can 
be altered to the extent of 34 ᴼC based solely on the selection of process parameters 
within the experimental matrix. The ability to constrain certain process parameters proves 
advantageous from these findings, as the outcome measurements can be optimized based 
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on fixing certain process parameters which may be possible in an automated burring 
procedure. 
The parameters that led to maximum and minimums are useful in the selection of process 
parameters for optimizing outcome measurements independently. However, the 
descriptive statistics do not take into account the tradeoffs between the outcome 
measurements. Although a handful of parameters may be efficient for one outcome 
measurement, they may in turn not be optimal for a separate outcome measurement. 
Further analysis should be taken in evaluating the tradeoffs and clinical relevance in 
selection of the process parameters for all five outcome measurements collectively. 
It was originally anticipated that the statistical model would aid in the selection of the 
process parameters; however, as statistical significance was seen virtually everywhere, it 
becomes increasingly difficult to distinguish between importance and non-importance in 
selection of the parameters. Although, the high statistical significance did support the 
second hypothesis, the ability to form a rationale in selection of optimal or suboptimal 
parameters with these findings alone is difficult. The trends in the data could help to form 
a rationale as seen in the main effects plots; however, these plots encompass pooled 
results of all other parameters, minimizing the differences that could ensue due to 
selecting synergistic factors that lead to desirable or undesirable results. Higher order 
interactions (up to eight-factors which corresponds with the current experimental matrix) 
can be viewed, but they become increasingly difficult to comprehend and interpret. 
Therefore, moving forward, methods to narrow the statistical model on certain areas of 
the experimental matrix which would allow for smaller, and more concise statistical 
analyses, should be pursued.  
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Chapter 4 - Process Parameter Selection for Clinical 
Implementation 
4 
OVERVIEW: The aim of the current chapter is to reduce the experimental 
matrix presented in chapter 3 to fewer combinations of parameters to allow 
for more concise statistical analyses to be performed. The main goal of 
selecting smaller subsections of parameters was to select parameters which 
would result in maximizing or minimizing a specified objective function. The 
combinations of parameters and their associated outcome measurements 
will help form a rationale in the selection of process parameters in which to 
carry out or avoid in a bone burring procedure. 
4.1 Reduction of Parameters 
An eight-way MANOVA with five outcome measurements was conducted in Chapter 3 
to aid in the selection of process parameters. However, as statistical significance was seen 
practically everywhere, it was difficult to form a rationale behind selection of certain 
parameters. Therefore, the experimental matrix was broken up into smaller subsections to 
allow for smaller and more concise statistical analyses to be performed.  
A heuristic filtering method, described in section 4.1.2, was conducted to restrict the 
parameters to certain levels which resulted in maximizing or minimizing the associated 
objective functions. Forces were removed from the filtering process as the forces were 
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not clinically relevant based on the magnitudes reported by the descriptive statistics (Fx, 
Fy, Fz < 3 N). 
4.1.1 Criteria for Reduction of Parameters 
Four separate areas were regarded as key areas of the experimental matrix and reduced 
sample sets were generated. The criteria which led to the reduced sample sets are:  
 Reduced sample set 1 - local minimums of temperature and vibration 
measurements 
 Reduced sample set 2 - local maximums of temperature and vibration 
measurements 
 Reduced sample set 3 - absolute maximums of temperature measurements 
 Reduced sample set 4 - absolute maximums of vibration measurements 
Parameters that led to local minimums of temperature and vibration were viewed as 
optimal parameters to perform the burring procedure at to avoid thermal damage to the 
bone and to ensure a dynamically safe burring process. The knowledge of how to 
minimize temperature and dynamic effects via selection of process parameters would be 
invaluable in the design of a burring pathway to the tool; as it provides rationale for tool 
selection and machining parameters associated with bone burring. 
Parameters that lead to local maximums of temperature and vibration are parameters that 
should be avoided as they may lead to unsafe implementation. The parameters that result 
in high temperatures and high vibrations may be synergistic with one another. This in 
turn may result in temperatures that lead to necrosis or a dynamically unsafe burring 
process, based solely on the choice of a select few parameters. 
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The rationale in selection of viewing parameters that led to maximums in temperature 
and vibration separately, was that the parameters that lead to maximums of both 
measurements may not necessarily results in absolute maximums independently. For 
example, based on the pairwise comparison of the main effect results of Chapter 3, the 
rotational speed of the tool had opposite effects on the measurements of vibration and 
temperature. Increasing the rotational speed from 15,000 to 75,000 rpm increased the 
dynamic effects of the system, but decreased the temperature experienced by the 
workpiece. Therefore, parameters that result in maximums of temperature and vibration 
were additionally investigated independently of one another. 
4.1.2 Heuristic Filtering Methods 
To narrow down the combinations of process parameters; a heuristic filtering process was 
applied. The main goal of the filtering process was to select a handful of process 
parameters that led to the criteria outlined in section 4.1.1. To aid in this process, forces 
were ignored. The rationale behind excluding forces was that they were not clinically 
significant due to their low magnitudes (Fx, Fy, Fz < 3N). Therefore, regardless of which 
parameters are settled upon in the filtering process, the burring process will not result in 
high cutting forces (> 3 N). 
The temperature and vibration measurements were plotted against one another for every 
combination of process parameters within the experimental matrix (Figure 4.1). Key 
areas, which corresponded to the criteria were highlighted. Three of the process 
parameters were fixed to reduce the matrix size and filter out process parameters that led 
to the specified criteria (Figure 4.2). The remaining combinations were then plotted (with 
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temperature and vibration measurements), and were visually confirmed to meet the 
overlying criteria. This was repeated for each criteria which was associated with the 
reduced sample set. 
4.2 Statistical Analysis 
After the filtering process was complete, forces which corresponded to the associated 
burring trial, were reintroduced into the reduced sample set for statistical analysis. A five-
way MANOVA was performed on each of the reduced sample sets. If significance was 
found at the multivariate level; an ANOVA was conducted. Pairwise comparison tests 
were then performed on any factors the led to statistical significance at the univariate 
level. An overall alpha of 0.05 (p<0.05) was used to determine statistical significance. All 
results are reported as the population mean ± 95% confidence interval. 
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All samples in the experimental matrix with outcome measurements for temperature (red) and vibration (blue) is presented above. 
Force results were excluded as they were not clinically relevant due to their low absolute forces (< 3 N in all directions). The 
graph shown was used in attempt to reduce the experimental matrix to smaller sample sizes which would aid in the selection of 
process parameters for the burring process. 
Figure 4.1: Measurements from experimental matrix 
Temperature and Vibration Measurements of All Samples in the Experimental Matrix 
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Figure 4.2: Heuristic filtering process 
The heuristic filtering process was performed to filter out specific combinations of 
parameters as illustrated above. Regions that met the criteria (local minimums for 
both temperature and vibration) were highlighted (shown as black boxes above).Three 
process parameters were fixed at certain levels to reduce the experimental matrix to a 
reduced sample size. 
Temperature 
Vibration 
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4.3 Local Minimums for Temperature and Vibration 
4.3.1 Heuristic Filtering Results 
The heuristic filtering method led to fixing the parameters of rotational speed, feed rate 
and overlap at levels 15,000 rpm, 2 mm/s, and 50% which produced local minimums of 
temperature and vibration. The remaining process parameters (tool type, diameter, tilt 
angle, inclination angle, and depth of cut) were not fixed and comprised of the reduced 
sample set. Each of the process parameters produced statistically significant differences 
at the multivariate level (p≤0.002) (Table 4.1). 
4.3.2 Vibration 
An inclination angle of +40 degrees resulted in an average vibration of 1.80±0.07 g-rms, 
whereas 0 and -40 degrees inclination resulted in 2.10±0.07 g-rms (p<0.001) and 
2.00±0.07 g-rms (p<0.001). A depth of cut of 0.5 mm produced a mean vibration of 
0.47±0.08 g-rms less than a 1 mm depth of cut (p<0.001). Tool type and diameter of the 
tool did not produce statistically significant differences in vibration. 
4.3.3 Temperature 
An inclination angle of +40 degrees (29.3±0.5 ᴼC) produced the lowest average 
temperature compared to the 0 (41.5±0.5 ᴼC) (p<0.001) and -40 degrees (39.5±0.5 ᴼC) 
(p<0.001) (Table 4.1). A depth of cut of 0.5 mm produced a mean temperature of 
33.0±0.4 ᴼC whereas a depth of cut of 1.0 mm produced a mean temperature of 40.5±0.4 
ᴼC (p<0.001). At 0 degrees inclination, a cylinder tool produced a mean temperature of 
47.5±0.7 ᴼC; at the same inclination angle a sphere tool produced a mean temperature of 
35.4±0.7 ᴼC (p<0.001) (Figure 4.3). 
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Table 4.1: Summary of statistical analysis for process parameters that resulted in local minimums of temperature and vibration 
 
 
 
Local Minimums of Temperature and Vibration - Factors Fixed (Rotational Speed = 15,000 rpm, Feed Rate = 2 mm/s, 
Overlap = 50%) 
Multivariate Analysis - Main Effects 
Tool Type Diameter Tilt Angle Inclination Angle Depth of Cut 
p<0.001 p=0.002 p<0.001 p<0.001 p<0.001 
Univariate Analysis - Main Effects 
Temperature (ᴼC)  Vibration (g-rms) 
Tool Type Diameter Tilt Angle 
Inclination 
Angle 
Depth of 
Cut 
 Tool Type Diameter Tilt Angle 
Inclination 
Angle 
Depth of Cut 
 p<0.001 p=0.057 p<0.001 p<0.001 p<0.001  p=0.903 p=0.990 p<0.001 p<0.001 p<0.001 
 Pairwise Comparison 
Level-1 35.7±0.4 37.0±0.4 38.8±0.4 41.5±0.5 33.0±0.4  1.93±0.05 1.93±0.05 1.80±0.05 2.10±0.07 1.69±0.05 
Level-2 37.8±0.4 36.5±0.4 34.8±0.4 29.3±0.5 40.5±0.4  1.93±0.05 1.93±0.05 2.07±0.05 1.80±0.07 2.17±0.05 
Level-3 - - - 39.5±0.5 -  - - - 2.00±0.07 - 
Table 4.1 outlines the MANOVA results for the reduced sample set that resulted from locking certain factors that led to local minimums for both 
temperature and vibration (rotational speed = 15,000 rpm, feed rate = 2 mm/s, overlap = 50%). The multivariate and univariate results are 
presented in the above table. Temperature and vibration measurements are outlined (mean ± 95% confidence interval) at each of the levels of the 
associated process parameter.
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Figure 4.3: Temperature measurements of the sphere and cylinder tools at varying 
inclination and tilt angles 
The above figure illustrates the sensitivity of the sphere and cylinder bits due to the 
angle of the tool with respect to the workpiece. The sphere tool produced a range of 
data (max-min) of 13.4 ᴼC at varying inclination angle increments and tilt angles. The 
cylinder tool produced a range of 28.5 ᴼC at various increments of inclination angle 
and tilt angle. Significant differences are denoted by *, p < 0.05; **, p < 0.01; ***, p < 
0.001. 
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4.4 Local Maximums of Temperature and Vibration 
4.4.1 Heuristic Filtering Result 
Originally, the heuristic filtering method led to fixing the parameters of rotational speed, 
inclination angle and overlap at levels of 75,000 rpm, 0 degrees, and 0%. Since an 
overlap of 0% is rarely encountered practically (only on first the cut of a burring path), a 
10% overlap path is more of practical interest. Therefore, overlap was fixed at 10% rather 
than 0%. The remaining parameters (tool type, diameter, tilt angle, feed rate, and depth of 
cut) were not fixed and comprised of the reduced sample set. Each of the parameters were 
found to produce statistically significant differences at the multivariate level (p<0.001) 
(Table 4.2). 
4.4.2 Vibration 
Increasing the feed rate from 2 to 6 mm/s resulted in an increase of 1.23±0.21 g-rms 
(p<0.001). A tilt angle of 0 degrees resulted in a mean vibration of 6.58±0.21 g-rms, 
whereas a tilt angle of 45 degrees resulted in a mean vibration of 5.82±0.21 g-rms 
(p<0.001). 
4.4.3 Temperature 
The sphere (32.4±0.6 ᴼC) bit produced lower mean temperatures compared to the 
cylinder bit (43.5±0.6 ᴼC) (p<0.001). A 45 degree tilt angle produced a mean temperature 
of 8.8±0.8 ᴼC less than a 0 degree tilt (p<0.001). 
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Table 4.2: Summary of statistical analysis for process parameters that resulted in local maximums of temperature and vibration 
 
 
 
Local Maximums of Temperature and Vibration - Factors Fixed (Rotational Speed = 75,000 rpm, Inclination Angle = 0, 
Overlap = 10%) 
Multivariate Analysis - Main Effects 
Tool Type Diameter Tilt Angle Feed Rate Depth of Cut 
p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 
Univariate Analysis - Main Effects 
Temperature (ᴼC)  Vibration (g-rms) 
Tool Type Diameter Tilt Angle Feed Rate 
Depth of 
Cut 
 Tool Type Diameter Tilt Angle Feed Rate Depth of Cut 
 p<0.001 p<0.001 p<0.001 p=0.926 p<0.001  p=0.009 p=0.372 p<0.001 p<0.001 p=0.884 
 Pairwise Comparison 
Level-1 32.4±0.6 36.6±0.6 42.3±0.6 37.9±0.6 36.1±0.6  6.01±0.21 6.27±0.21 6.58±0.21 5.59±0.21 6.19±0.21 
Level-2 43.5±0.6 39.3±0.6 33.5±0.6 37.9±0.6 39.8±0.6  6.40±0.21 6.14±0.21 5.82±0.21 6.82±0.21 6.22±0.21 
Level-3 - - - - - 
 
- - - - - 
Table 4.2 outlines the MANOVA results for the reduced sample set that resulted from locking certain factors that led to local maximums for both 
temperature and vibration (rotational speed = 75,000 rpm, inclination angle = 0 degrees, overlap = 10%). The multivariate and univariate results 
are outlined in the above table. Temperature and vibration measurements are also outlined (mean ± 95 % confidence interval) at each of the 
levels of the associated process parameter.
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Figure 4.4: Local minimums and maximums of temperature and vibration 
measurements 
The outcome measurements (temperature and vibration) of all combinations of 
process parameters within the reduced sample sets that led to local minimums and 
maximums is shown above. Subsections within the combinations of process 
parameters that led to minimums in temperature (<30 ᴼC) and vibration (<3 g-rms) 
can be found within the local minimums sample set. However, no combinations of 
parameters that minimize temperature and vibration can be found within the local 
maximums sample set. A full list of the corresponding burring trial numbers can be 
found in Appendix D. 
Local Minimums 
Local Maximums 
Burring Trail (#) 
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4.5 Absolute Maximums of Temperature  
4.5.1 Heuristic Filtering Results 
Fixing the parameters of tool type, inclination angle, and tilt angle at levels of cylinder, 0 
degrees, and 0 degrees produced absolute maximums of temperature. The remaining 
parameters (diameter, rotational speed, feed rate, depth of cut, and overlap) were not 
fixed and comprised of the reduced sample set. Each of the parameters were found to 
produce statistically significant differences at the multivariate level (p<0.001) (Table 
4.3). 
4.5.2 Vibration 
A rotational speed of 75,000 rpm increased the vibration by 4.31±0.23 g-rms (p<0.001) 
and 1.38±0.23 G-rms (p<0.001) compared to 15,000 and 45,000 rpm. Increasing the feed 
rate from 2 to 6 mm/s resulted in an increase of vibration of 0.95±0.26 g-rms (p<0.001). 
4.5.3 Temperature 
A 6 mm diameter tool (55.7±0.5 ᴼC) produced larger average temperatures than the 4 mm 
diameter tool (50.4±0.5 ᴼC) (p<0.001). A 6 mm/s feed rate decreased the mean 
temperature by 4.5±0.5 ᴼC compared to a feed rate of 2 mm/s (p<0.001). A rotational 
speed of 75,000 rpm produced an average temperature of 48.9±0.5 ᴼC; whereas, a 
rotational speed of 15,000 and 45,000 rpm produced average temperatures of 56.4±0.5 ᴼC 
(p<0.001) and 54.0±0.5 ᴼC (p<0.001). 
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Table 4.3: Summary of statistical analysis for process parameters that resulted in absolute maximums of temperature 
 
 
 
Absolute Maximums of Temperature - Factors Fixed (Tool Type = Cylinder, Inclination Angle = 0, Tilt Angle = 0) 
Multivariate Analysis - Main Effects 
Diameter Rotational Speed Feed Rate Depth of Cut Overlap 
p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 
Univariate Analysis - Main Effects 
Temperature (ᴼC)  Vibration (g-rms) 
Diameter 
Rotational 
Speed 
Feed Rate Depth of Cut Overlap 
 
Diameter 
Rotational 
Speed 
Feed Rate Depth of Cut Overlap 
 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001  p<0.001 p<0.001 p<0.001 p=0.008 p=0.012 
 Pairwise Comparison 
Level-1 55.7±0.5 56.4±0.6 55.3±0.5 52.3±0.5 55.5±0.6  5.50±0.19 2.38±0.23 4.32±0.19 4.97±0.19 4.91±0.23 
Level-2 50.4±0.5 54.0±0.6 50.8±0.5 53.9±0.5 53.0±0.6  4.08±0.19 5.30±0.23 5.26±0.19 4.61±0.19 4.96±0.23 
Level-3 - 48.9±0.6 - - 50.7±0.6  - 6.89±0.23 - - 4.50±0.23 
Table 4.3 outlines the MANOVA results for the reduced sample set that resulted from locking certain factors that led to absolute maximums of 
temperature (tool type = cylinder, inclination angle = 0 degrees, tilt angle = 0 degrees). The multivariate and univariate results are outlined in 
the above table. Temperature and vibration measurements are outlined (mean ± 95% confidence interval) at each of the levels of the associated 
process parameter. 
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4.6 Absolute Maximums of Vibration 
4.6.1 Heuristic Filtering Results 
The heuristic filtering method led to fixing the factors of rotational speed, feed rate, and 
overlap at levels of 75,000 rpm, 6 mm/s, and 10% which produced absolute maximums 
of vibration. The remaining factors (tool type, diameter, tilt angle, inclination angle, and 
depth of cut) were not fixed and comprised of the reduced sample set that was analyzed 
in the MANOVA. Each of the factors were found to produce statistically significant 
differences at the multivariate level (p<0.001) (Table 4.4). 
4.6.2 Vibration 
A cylinder tool decreased the average vibration by 0.59±0.31 g-rms compared to the 
sphere tool (p<0.001). A +40 degrees inclination decreased the average vibration by 
0.95±0.47 g-rms (p<0.001) and 0.34±0.47 g-rms (p=0.247) compared to 0 and -40 degree 
inclination angles. 
4.6.3 Temperature 
A sphere tool produced an average of 4.8±0.6 ᴼC less than the cylinder tool (p<0.001). 
An inclination angle of +40 degrees produced an average temperature of 30.2±0.6 ᴼC 
whereas a 0 and -40 degree inclination angles produced average temperatures of 37.9±0.6 
ᴼC (p<0.001) and 36.4±0.6 ᴼC (p<0.001). 
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Table 4.4: Summary of statistical analysis for process parameters that resulted in absolute maximums of vibration 
 
 
 
Absolute Maximums of Vibration - Factors Fixed (Rotational Speed = 75,000 rpm, Feed Rate = 6 mm/s, Overlap = 10%) 
Multivariate Analysis - Main Effects 
Tool Type Diameter Tilt Angle Inclination Angle Depth of Cut 
p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 
Univariate Analysis - Main Effects 
Temperature (ᴼC)  Vibration (g-rms) 
Tool Type Diameter Tilt Angle 
Inclination 
Angle 
Depth of Cut  Tool Type Diameter Tilt Angle 
Inclination 
Angle 
Depth of Cut 
 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001  p<0.001 p=0.063 p=0.041 p<0.001 p=0.013 
 Pairwise Comparison 
Level-1 32.4±0.4 33.3±0.4 37.0±0.4 37.9±0.5 33.1±0.4  6.60±0.22 6.15±0.22 6.46±0.22 6.82±0.27 6.10±0.22 
Level-2 37.2±0.4 36.3 ±0.4 32.6±0.4 30.2±0.5 36.5±0.4  6.00±0.22 6.45±0.22 6.14±0.22 5.87±0.27 6.50±0.22 
Level-3 - - - 36.4±0.5 -  - - - 6.21±0.27 - 
Table 4.4 outlines the MANOVA results for the reduced sample set that resulted from locking certain factors that led to absolute maximums for 
vibration (rotational speed = 75,000 rpm, feed rate = 6 mm/s, overlap = 10%). The multivariate and univariate results are outlined in the above 
table. Temperature and vibration measurements are outlined (mean ± 95% confidence interval) at each of the levels of the associated process 
parameter. 
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Figure 4.5: Absolute maximums of temperature and vibration 
The outcome measurements (temperature and vibration) of all combinations of 
process parameters within the reduced sample sets that led to maximums of 
temperature and vibration is shown above. By choosing an inclination and tilt angle of 
0 degrees, coupled with a cylinder tool; an average temperature of 53±6 ᴼC was 
induced regardless of the selection of other parameters. Likewise, fixing the burring 
process at a rotational speed of 75,000 rpm, feed rate of 6 mm/s and overlap of 10% 
resulted in an average vibration 6.3±1.6 g-rms. A full list of the corresponding 
burring trial numbers can found be in Appendix D. 
Absolute Maximums of Temperature 
Burring Trail (#) 
Absolute Maximums of Vibration 
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4.7 Chapter Summary 
The experimental matrix which was comprised of each outcome measurement for all 
combinations of parameters was narrowed down to reduced sample sets. This was done to 
aid in the selection of process parameters associated with the bone burring process.  
Selecting a rotational speed of 15,000 rpm with a 2 mm/s feed rate and 50% overlap was 
found to provide optimal process parameters that led regions of minimums of temperature 
(<30 °C) and vibration (<3 g-rms). Selection of a rotational speed of 75,000 rpm, 
inclination angle of 0°, and an overlap of 10%, resulted in a condition where no 
combination of the remaining parameters produced low temperature and low vibration. 
This was also indicated by the larger average magnitudes of the main effects pairwise in 
comparing the optimal to suboptimal parameter set (Table 4.1 and Table 4.2).  
The findings that certain sets of parameters can produce optimal or suboptimal outcome 
measurements with statistical significance, fully supports the second hypothesis. 
Additionally, the initial trends of increasing the material removal rate increases the 
process outcomes mostly agreed as indicated by the pairwise comparison trends in Table 
4.1 and Table 4.2. However, the only factor that contradicted this hypothesis, was that 
although a higher feed rate resulted in higher dynamic effects, it did not necessarily result 
in higher temperatures as indicated by the results in Table 4.3. This contradiction is 
believed to be due to the reduced time to allow for heat conduction between the tool-
workpiece interface previously established by Shin et al.[40]. 
Additionally, Chapter 4 investigated certain parameters that should not be jointly 
constrained, if the objective is to avoid high temperatures or high dynamic effects. 
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Selection of a cylinder tool with 0 inclination and 0 tilt angle resulted in temperatures of 
greater than 40 ᴼC regardless of how the remaining process parameters were selected. 
Selecting a rotational speed of 75,000 rpm, feed rate of 6 mm/s, and overlap of 10% 
resulted in high vibrations for combinations of remaining parameters (6.3±1.6 g-rms). To 
allow for the design of the tool path trajectory to have the fewest constraints, these 
parameters should be avoided, as they do not offer any advantages in the context of 
avoiding high temperatures and high vibrations.  
A sensitivity analysis of the tool's response to changes in angles was also performed. The 
analysis found that the cylinder produced larger differences in inclination angles and tilt 
angles. The cylinder tool produced the highest temperatures at a 0 degree inclination 
angle. Therefore, to use the cylinder tool safely, the tool should enter the burring process 
with a positive or negative inclination angle; although preference would be given to a 
positive angle as it produced the lowest temperature and vibration as indicated by Figure 
4.3. 
By performing the large experimental matrix with 864 unique parameter combinations, a 
select few have been distinguished to be optimal in providing low temperature generation 
as well as low dynamic effects. The sawbone analog was useful in this analysis because 
its uniformity allowed for the identification of process trends, while its availability made 
the large number of trials possible. While the absolute levels of temperature and 
vibrations are likely different in real bone, it is reasonable to anticipate that these same 
trends will be relevant, given that the trends are a function of the process parameters. 
However, it is valuable to know the absolute levels of temperature and vibration for 
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burring real bone, and so moving forward, the selection of optimal process parameters 
should be validated on cancellous bone specimens.   
100 
Chapter 5 - Experimental Validation of Process Parameters on 
Porcine Cadaver Model 
5 
OVERVIEW: The aim of the current chapter was to quantify the effects of 
various process parameters using five outcome measurements (cutting force 
in three directions, vibration, and temperature) on a porcine cadaver 
specimen. The burring process was performed on cancellous bone located 
at the distal porcine femur. Specimen and data preparation are discussed 
within this chapter. Additionally, a method adapted from Chapter 3 to 
normalize the temperature to the center of the tool, was performed using the 
porcine specimen as a workpiece. Two sets of parameters were investigated 
which involved an optimal and suboptimal set of parameters. A statistical 
analysis (repeated measures multivariate analysis of variance) was 
conducted to quantify the main-effects and interactions between the process 
parameters. 
5.1 Parameter Selection 
A handful of parameters from the experimental matrix in Chapter 3, were selected to be 
performed on a porcine specimen. The structural properties of bone vary between 
subjects due to various factors which include: age, gender, and diet [5]. Even within a 
subject, the structural properties vary dependent on anatomical location and external 
mechanical stimuli. Due to the variability of the structural properties between and within 
subjects, it is important to evaluate the process parameters used in Chapter 3 on a 
101 
workpiece that exhibits the same differences of mechanical properties compared to a 
consistent sawbone specimen. 
The porcine specimen provides a realistic representation of the workpiece that would be 
encountered in bone burring process in a clinical setting. As the amount of cancellous 
bone is limited by the volume of the epiphysis, only select combinations of parameters 
from Chapters 3 and 4 were selected for porcine testing. Parameters that led to local 
minimums of temperature and vibration were viewed as optimal parameters in which to 
perform the bone burring process. A select combination of parameters that led to local 
maximums of temperature and vibration were selected as suboptimal parameters and 
allowed for comparisons to be drawn between the combination sets. 
Two sets of parameter combinations were constructed which constituted of the optimal 
and suboptimal sets, as shown in Table 5.1 and Table 5.2. The optimal data set comprised 
of fixing the parameters to a rotational speed of 15,000 rpm, feed rate of 2 mm/s and 
overlap of 50%. The fixed parameters were chosen based on the findings within Chapter 
4, which investigated combinations of parameters that led to local minimums for 
temperature and vibration. The diameter of the tool was also fixed at 6 mm, as the 
diameter of tool was found not to produce a statistical significant difference in the 
outcome measurements of temperature and vibration. Additionally, as a fully immersed 
burring path is required in the experimental methodology to produce a consistent overlap 
of burring paths, the measurements of a fully immersed (0% overlap) path were analyzed 
and included in the parameter set. 
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The second combination of parameters or the suboptimal set, was selected based on the 
parameters that led to local maximums of temperature and vibration as found in Chapter 
4. The fixed parameter set included: a rotational speed of 75,000 rpm, inclination angle of 
0 degrees, and overlap of 10%. The diameter of the tool was also fixed at 6 mm to be 
consistent with the previous parameter set as well as the diameter of the tool was found 
not to have produced a statistical significant difference in the outcome measurement of 
temperature as reported in Chapter 4. Based on the goal to produce a parameter set that 
results in maximizing temperature and vibration; tilt angle of the tool was additionally 
fixed at 0 degrees. The 0 degree tilt angle led to increases of temperature and vibration of 
8.8±0.8 ᴼC and 0.76±0.4 g-rms compared to the 45 degree tilt angle (Table 4.2). A fully 
immersed (0% overlap) burring path was also included within the combinations of 
parameters as it was required to be performed, due to the experimental procedure. A full 
summary of the optimal and suboptimal parameter set can be found in Table 5.1 and 
Table 5.2. 
Table 5.1: Optimal combination of process parameters  
 Tool Type Tilt Angle (°) 
Inclination 
Angle (°) 
Depth of Cut 
(mm) 
Overlap (%) 
Level-1 Sphere 0 0 0.5 0 
Level-2 Cylinder 45 +40 1.0 50 
Level-3 - - -40 - - 
Note: Constrained parameters included: 6 mm diameter tool, rotational speed of 15,000 
rpm, and feed rate of 2 mm/s 
 
 
 
103 
 
 
 
Table 5.2: Suboptimal combination of process parameters 
 Tool Type 
Feed Rate 
(mm/s) 
Depth of Cut 
(mm) 
Overlap (%) 
Level-1 Sphere 2 0.5 0 
Level-2 Cylinder 6 1.0 10 
Note: Constrained parameters included: 6 mm diameter tool, rotational speed of 75,000 
rpm, inclination angle of 0 degrees, and tilt angle of 0 degrees 
 
5.2 Specimen and Data Preparation 
5.2.1 Specimen Selection 
Six fresh-frozen porcine femurs were used to evaluate the selected process parameters 
associated with the bone burring process. Porcine bone has previously been used as a 
workpiece substitute in machining processes to evaluate the process parameters [60, 61]. 
Specifically, a porcine femur was selected as a surrogate for human cancellous bone as 
they are readily available and inexpensive. Macroscopically, a porcine femur provides a 
relatively large cross sectional area of cancellous bone located within the epiphysis. A 
larger volume of cancellous bone is desirable as it allows for more parameters to be 
performed within the same specimen. Due to the subtractive machining process of bone 
burring, the cancellous bone can only be machined a set number of times determined by 
the process parameters. Microscopically, a porcine femur also provides a cancellous bone 
structure that is similar to humans [62]. Although, no previous published study was found 
that measured the bone mineral density of the distal epiphysis of a porcine femur; Clyde 
et al. reported that the total bone mineral density of the entire femur ranges from 0.288 to 
0.369 g/cm
3 
[63]. The bone density agrees well with the sawbone selected in Chapter 3, 
which had a density of 0.320 g/cm
3
. 
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5.2.2 Specimen Preparation 
The porcine femurs were obtained from a local butcher shop and stored frozen at a 
temperature of -20 °C. On the day of testing, the porcine femur was thawed to room 
temperature. These methods were shown not to affect the mechanical properties of the 
bone, and also used in previous experimental procedures involving porcine bones [64-
66]. The specimens were denuded of soft tissue and the femur was transected using a 
hack saw approximately 25 mm at the distal end of the femur (Figure 5.1). The transected 
slice was orientated at an angle to reveal the maximum area of cancellous bone for bone 
burring. The femur was then additionally sectioned (approximately 10 cm in length) at 
the distal end to allow for cementation of the specimen. The specimen was cemented in 
place using a custom fabricated jig that ensured parallel sides of the block to be clamped 
in place using the experimental apparatus developed in Chapter 2.  
5.2.3 Bone Removal Burring Testing and Data Preparation 
The potted porcine femur specimen was clamped in place and the exposed cancellous 
bone was premachined by the experimental apparatus. The bone was premachined to 
ensure a parallel plane between the workpiece and tool in order to provide consistency in 
material removal while varying the process parameters. After the bone was premachined 
to ensure the plane was parallel (approximately 1 mm deep from original cut), burring 
trials were performed. When the exposed cancellous bone did not allow for any more 
burring trials to be performed, the plane was resurfaced to ensure accuracy. This was 
performed until all combinations of parameters were tested. 
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Quantifying the outcome measurements (temperature, vibration, and cutting force) were 
based on the protocol discussed in Chapter 2. A sample run involving the experimental 
apparatus burring a portion of cancellous bone is found in Figure 5.2. The engaged state 
of the tool (entry and exit points) were determined using the cutting force measurements. 
One modification to the protocol as discussed in Chapter 2, was that only one half of the 
diameter of the tool (3 mm) was added to the entry and exit portions of the cut for 
clipping of data to ensure the stable state of the cut. Half the diameter of the tool was 
used rather than the full diameter due to the reduced length available in a porcine 
specimen compared to the sawbone workpiece. Another modification to the protocol 
outlined in Chapter 2 was the calculation of the average temperature. The maximum 
value of temperature does not necessarily occur at the end of the trial as seen with a 
sawbone workpiece. Therefore the temperature was averaged over the entire burring run. 
An average length of 20 mm of cancellous bone was used. 
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Porcine femurs were acquired from a local butcher shop and denuded of all soft 
tissue. The specimens were then segmented at the distal end of the femur to reveal 
cancellous bone for burring. The specimen was then potted using dental cement. The 
specimen was fixed in place using the grips on the apparatus to allow for experimental 
measurements during burring.  
 
Figure 5.1: Preparation of specimen 
Porcine Femur Specimen 
 
Distal 
 
Proximal 
 
Segmented Section 
of Specimen 
 
Potted Specimen 
 
Specimen Potted 
 
Developed Experimental Apparatus with Potted Specimen 
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3 
A sample output of the outcome measurements (temperature, vibration, and cutting 
force) is shown above. The stable state of the cut, defined as 3 mm (1/2 diameter of tool) 
away from the entry and exit points, indicated by orange lines on the graph above. The 
stable state of the cut was used for computing the means of the outcome measurements 
and allow for a statistical analysis to be performed. 
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Figure 5.2: Simultaneous measurements of outcome variables while burring 
porcine cancellous bone 
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5.2.4 Feed Rate Normalization 
To normalize the temperature measurements to the center of the tool the protocol 
discussed in section 3.1.1 was used. The infrared pyrometer was positioned at three 
lagging distances (with five repeated measurements) to quantify the cooling due to the 
lagging temperature measurements. 
Results of the feed rate normalization experiment can be found in Figure 5.3. 
An exponential curve was fitted to the experimental temperature measurements at both 
feed rates. The lines of best fit showed strong correlation (R
2
>0.807) for both feed rates. 
Extrapolating these curves to the center of the tool, it was found that the 2 mm/s feed rate 
(29.7 ᴼC) resulted in a higher change in temperature than a 6 mm/s feed rate (20.1 ᴼC) for 
the selected process parameters.  
Moving forward, the cooling curves quantified in the feed rate normalization experiment 
were applied to the temperature measurements. The temperature at the center of the tool 
was then extrapolated based on the cooling time associated with the feed rate. By 
normalizing the temperature to the center of the tool, separate feed rates could be 
compared. 
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Results from the feed rate normalization experiment are shown above. X1, X2, and X3 
are plotted along with their respective feed rates, 2mm/s (red) and 6 mm/s (black). An 
exponential line of best fit was applied to both feed rates; the equation and R
2
 values 
can be found within the outlined boxes above. The lines of best fit were used to 
extrapolate the temperature at the theoretical contact point between the tool and 
workpiece. 
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 Figure 5.3: Feed rate normalization for porcine bone 
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5.3 Outcome Measurements & Statistical Analysis 
Cutting force was quantified as the arithmetic mean over the course of a burring trial in 
the X, Y, and Z direction. The dynamic effects were quantified as the root-mean-square 
value over the course of a burring trial. The temperature experienced by the workpiece 
was quantified using the average of the measurements over the burring trial. 
A fully balanced experimental design was conducted using the combination of 
parameters within the optimal and suboptimal parameter set. A repeated measures 
MANOVA with five outcome measurements was performed. The repeated measures 
MANOVA was performed using SPSS 22.0 (SPSS Inc., Chicago, IL). A univariate 
ANOVA was also conducted on each of the outcome measurements. To quantify the 
main effects of the process parameters on the outcome measurements, a pairwise 
comparison was performed. An alpha of 0.05 (p<0.05) was used. All results are reported 
as the population mean ± 95% confidence interval. 
5.4 Effects of Process Parameters on Outcome Measurements - 
Optimal Set 
The descriptive statistics of the outcome measurements for the optimal data set is found 
in Table 5.3. The results of the multivariate, univariate, and pairwise comparison of the 
main effects can be found in Table 5.5. 
5.4.1 Cutting Force 
Increasing depth of cut from 0.5 to 1.0 mm increased the average forces by Fx=0.6±0.2 N 
(p<0.001), Fy=0.2±0.1 N (p<0.001), and Fz=0.6±0.2 N (p<0.001). A +40 inclination 
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angle (Fx=0.8±0.1 N, Fy=0.3±0.1 N, Fz=-0.5±0.1 N) reduced forces in all directions 
compared to 0 degree inclination (Fx=1.9±0.6 N (p=0.014), Fy=0.6±0.1 N (p=0.021), 
Fz=-0.9±0.1 N (p=0.002)) and decreased forces in the X and Z direction compared to a - 
40 degree inclination (Fx=1.6±0.2 N (p<0.001), Fy=-0.2±0.1 N (p<0.001), Fz=-1.2±0.1 
N (p=0.001)). 
5.4.2 Vibration 
Increasing depth of cut from 0.5 (2.7±0.2 g-rms) to 1.0 mm (3.5±0.3 g-rms) increased the 
vibration of the tool during burring trials (p=0.001). An overlap of 50% compared to 0% 
decreased the average vibration by 0.7±0.2 g-rms (p<0.001). 
5.4.3 Temperature 
Increasing depth of cut from 0.5 (32.1±1.5 °C) to 1.0 mm (38.4±2.7 °C) increased the 
average temperature experienced by the workpiece (p=0.002). An inclination angle of 
+40 degrees lowered the temperature by 10.7±2.0 °C (p<0.001) and 10.1±4.2 °C 
(p=0.001) compared to a 0 degree and -40 degree inclination angle, respectively. A 
cylinder tool with 0 degree inclination and tilt angle resulted in 50.8±6.8 °C compared to 
a sphere tool which resulted in 33.5±4.3 °C with the same parameters (p=0.008). 
5.5 Effects of Process Parameters on Outcome Measurements - 
Suboptimal Set 
The descriptive statistics of the outcome measurements for the suboptimal data set is 
found in Table 5.4. The results of the multivariate, univariate, and pairwise comparison 
of the main effects can be found in Table 5.6.  
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Table 5.3: Descriptive statistics of outcome measurements - optimal set 
 Temperature (°C) Vibration (g-rms) Fx (N) Fy (N) Fz (N) 
Average Measurement 35.0±7.9 3.1±0.9 1.4±0.9 0.2±0.5 -0.8±0.6 
Maximum Value 55.9±7.6 5.5±1.0 4.6±1.7 1.4±0.5 -0.13±0.1 
Minimum Value 24.4±1.0 1.7±0.2 0.1±0.2 -1.1±0.2 -2.6±0.7 
Note: Values are presented as mean ± 1 standard deviation 
 
 
 
Table 5.4: Descriptive statistics of outcome measurements - suboptimal set 
 Temperature (°C) Vibration (g-rms) Fx (N) Fy (N) Fz (N) 
Average Measurement 42.3±10.7 6.9±1.1 1.7±0.7 0.4±0.2 -0.4±0.2 
Maximum Value 59.8±6.4 10.4±2.9 3.4±1.3 0.8±0.6 -0.2±0.1 
Minimum Value 28.5±1.8 6.0±0.8 0.9±0.2 0.2±0.1 -0.8±0.3 
Note: Values are presented as mean ± 1 standard deviation 
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Full Experimental Matrix of Optimal Parameter Set 
Outcome measurements of temperature (red) and vibration (blue) are plotted for all 
combinations of the optimal set of parameters (shown above). Comparison of sawbone 
(solid line - averaged value of 3 repeated runs) and porcine bone (dashed lined - 
averaged value of 6 specimens) is shown. Combinations of parameters that result in 
local minimums in temperature (<40°C) and vibration (<4 g-rms) are present when 
burring a porcine bone with the optimal parameter set. The force results and 
parameters that lead to the burring trials can be found in Appendix E. 
Figure 5.4: Temperature and vibration measurements of sawbone vs. porcine - 
optimal parameter set 
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Table 5.5: Summary of statistical analysis for process parameters that resulted in local minimums of temperature and vibration 
 
 
 
 
Local Minimums of Temperature and Vibration - Factors Fixed (Diameter = 6 mm, Rotational Speed = 15,000 rpm, Feed 
Rate = 2mm/s) 
Multivariate Analysis - Main Effects 
Tool Type Tilt Angle Inclination Angle Depth of Cut Overlap 
p=0.147 p=0.061 p<0.001 p=0.271 p=0.046 
Univariate Analysis - Main Effects 
Temperature (ᴼC)  Vibration (g-rms) 
Tool Type Tilt Angle 
Inclination 
Angle 
Depth of Cut Overlap  Tool Type Tilt Angle 
Inclination 
Angle 
Depth of Cut Overlap 
 p=0.853 p=0.539 p<0.001 p=0.002 p<0.001  p=0.006 p=0.393 p<0.001 p=0.001 p<0.001 
 Pairwise Comparison 
Level-1 35.4±2.5 35.6±2.7 39.0±1.7 32.1±1.5 36.6±1.7  3.5±0.3 3.1±0.2 3.6±0.3 2.7±0.2 3.5±0.3 
Level-2 35.1±2.8 34.9±1.6 28.4±0.7 38.4±2.7 34.0±1.8  2.7±0.3 3.2±0.3 3.1±0.3 3.5±0.3 2.8±0.2 
Level-3 - - 38.4±3.5 - -  - - 2.7±0.2 - - 
Table 5.5 outlines the repeated measures MANOVA results for the reduced sample set that resulted from locking certain factors that led to local 
minimums for both temperature and vibration (diameter = 6 mm, rotational speed = 15,000 rpm, feed rate = 2mm/s). The multivariate and 
univariate results are presented in the above table. Additionally, the pairwise comparison of the main effects and outcome measurements of 
temperature and vibration are outlined (mean ± 95% confidence interval).
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Figure 5.5: Sensitivity of tool type to changes in inclination angles 
The effects of varying the inclination angle and tool type are illustrated above with  
outcome measurements of temperature (red) and vibration (blue). A -40 degree 
inclination angle resulted in the highest temperatures with the sphere tool; whereas, a 
0 degree inclination angle resulted in highest temperatures with the cylinder tool. 
Vibrations were on average less than 4 g-rms regardless of the tool and inclination 
angle. Significant differences are denoted by *, p < 0.05; **, p < 0.01; ***, p < 
0.001. 
 
*** 
* 
* 
** 
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5.5.1 Cutting Force 
A depth of cut of 1.0 mm (Fx=1.8±0.5 N, Fy=0.5±0.1 N, Fz=-0.5±0.1 N) produced 
higher magnitudes of forces than a 0.5 mm depth of cut (Fx=1.6±0.5 N, Fy=0.4±0.1 N, 
Fz=-0.3± 0.0 N) (p=0.321, p=0.041, p=0.007). A feed rate of 6 mm/s (Fx=2.1±0.6 N, 
Fy=0.5±0.2 N, Fz=-0.5±0.1 N) produced higher forces compared to a slower feed rate of 
2 mm/s (Fx=1.4±0.3 N, Fy=0.3±0.1 N, Fz=-0.3±0.1 N) (p=0.007, p=0.007, p=0.001). 
5.5.2 Vibration 
Increasing depth of cut from 0.5 to 1.0 mm increased the vibration by 0.6±0.7 g-rms 
(p=0.060). Increasing the feed rate from 2 (6.5±0.6 g-rms) to 6 mm/s (7.3±0.7 g-rms) 
increased the average vibration experienced by the tool during the burring process 
(p=0.021). 
5.5.3 Temperature 
Increasing the feed rate from 2 to 6 mm/s decreased the average temperature by 7.8±2.2 
°C (p=0.012). A cylinder tool produced an average temperature of 51.4±3.2 °C; whereas 
a sphere tool resulted in an average temperature of 33.1±2.7 °C (p=0.002). 
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Outcome measurements of temperature (red) and vibration (blue) are plotted for all 
combinations of the suboptimal set of parameters (outlined above). Comparison of 
sawbone (solid line - averaged value of 3 repeated runs) and porcine bone (dashed 
lined - averaged value of 6 specimens) is shown. Combinations of parameters that 
resulted in local minimums in temperature (<40°C) and vibration (<4 g-rms) are not 
present when burring a porcine bone with the suboptimal parameter set. The force 
results and parameters that lead to the burring trials can be found in Appendix E. 
 
Figure 5.6: Temperature and vibration measurements of sawbone vs. porcine -
suboptimal parameter set 
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Table 5.6: Summary of statistical analysis for process parameters that resulted in local maximums of temperature and vibration 
 
 
 
 
Local Maximums of Temperature and Vibration - Factors Fixed (Diameter = 6 mm, Rotational Speed = 75,000 rpm, 
Inclination Angle = 0 degrees, Tilt Angle = 0 degrees) 
Multivariate Analysis - Main Effects 
Tool Type Feed Rate Depth of Cut Overlap 
p=0.068 p=0.203 p=0.435 p=0.379 
Univariate Analysis - Main Effects 
Temperature (ᴼC)  Vibration (g-rms) 
Tool Type Feed Rate Depth of Cut Overlap  Tool Type Feed Rate Depth of Cut Overlap 
 p<0.001 p<0.001 p=0.163 p=0.230  p=0.137 p=0.003 p=0.108 p=0.002 
 Pairwise Comparison 
Level-1 33.1±2.7 46.2±2.7 40.9±2.2 42.8±2.8  7.1±0.9 6.5±0.6 6.6±0.6 7.5±0.8 
Level-2 51.4±3.2 38.4±2.8 43.7±4.2 41.7±2.6  6.7±0.6 7.3±0.7 7.2±0.7 6.3±0.6 
 
Table 5.6 outlines the repeated measures MANOVA results for the reduced sample set that resulted from locking certain factors that led to local 
maximums for both temperature and vibration (diameter = 6 mm, rotational speed = 75,000 rpm, inclination angle = 0 degrees, tilt angle = 0 
degrees). The multivariate and univariate results are presented in the above table. Additionally, the pairwise comparison of the main effects and 
outcome measurements of temperature and vibration are outlined (mean ± 95% confidence interval). 
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5.6 Chapter Summary 
The aim of these experiments was to validate the previously tested process parameters on 
a porcine femur workpiece. The optimal combination of parameters produced certain 
combinations that led to minimums in temperature (<40°C) and vibration (<4 g-rms). 
Similar to the sawbone results, the cylinder, when oriented normal to the workpiece, 
produced the highest temperatures (>50 °C), which could possibly cause bone necrosis. 
In fact, burnishing of the porcine specimens was observed under these conditions. The 
trends within the optimal set of parameters were also similar to the trends established in 
Chapter 4, as increasing depth of cut and overlap led to increases in temperature and 
vibration. Additionally, an inclination angle of +40 degrees produced the lowest average 
temperature compared to other inclination angles (Table 4.1, Table 5.3).  
The suboptimal parameter set did not produce any combinations that led to minimums in 
temperature (<40 °C) and vibration (<4 g-rms). The suboptimal parameter set produced 
higher average temperatures (7.1 ᴼC) and vibration levels (4.1 g-rms) compared to the 
optimal parameter set. Increasing depth of cut and overlap led to an increase in 
temperature and vibration, which supports the observations from the earlier sawbone 
trials. The sphere bit (33.1±2.7 ᴼC) also produced much lower temperatures than the 
cylinder bit (51.4±3.2) within this parameter set. However, the large difference was 
mainly due to the choice of the orientation of the tool with respect to the workpiece. The 
sphere produced lower temperatures at 0 inclination and 0 tilt, as seen in Figure 5.5, and 
would be a superior choice to avoid necrosis if the burring process was limited to this 
orientation. 
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These findings supported the third hypothesis, such that optimal and suboptimal 
parameters produced similar results in cancellous bone. As well the trends previously 
established in Chapters 3 and 4, were transferrable for burring in a cadaveric specimen.  
The trends found within burring cancellous porcine bone also agree well with published 
burring studies [40-42, 46]. Temperature trends of thicker depths of cut coupled with 
slower feed rates result in high temperatures established by Shin et al., agreed well with 
the findings within this study (Table 5.4) [40]. Although the magnitudes are much lower 
compared to the findings by Shin et al., this was due to the fact that a denser cortical bone 
was used as the workpiece in the author's experiment [40]. The trends produced within 
the force measurements (increased depth of cut and feed rate result in higher forces) are 
also in line with previous findings by Dillon et al. [41]. The magnitude of the average 
forces in all directions (<5 N) are also similar to previously published studies using a 
high speed rotational tool for bone removal purposes [41, 42, 46]. 
The experimental results indicate that the cylinder tool should not be placed at a normal 
orientation to the workpiece as it results in high temperatures for both sets of parameters 
(optimal = 50.8±6.8 ᴼC, suboptimal = 51.4±3.2 ᴼC). A +/- inclination angle would be 
ideal; however, this increases the difficulty in the design of a tool path trajectory due to 
the complex channel geometries, which result in rotations of the cylinder tool. 
Thus, the optimal parameters are a 6 mm diameter sphere tool with a rotational speed of 
15,000 rpm, a 2 mm/s feed rate, and a 50% overlap. This combination allows for different 
depth of cuts (0.5 and 1.0 mm tested), inclination angles (0, +40, and –40 tested) and tilt 
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angles (0 and 45 tested), to be encountered during the burring process, while still 
producing temperatures less than 42.0 °C and vibrations less than 4.1 g-rms.  
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Chapter 6 - General Discussion and Conclusions 
6 s 
OVERVIEW: This chapter reviews the objectives and hypotheses defined in 
Chapter 1, and presents a brief summary of the experimental work taken to 
achieve the objectives. The strengths and limitations of this work are 
discussed, and finally, potential future work for investigating the bone 
burring process is proposed. 
6.1 Summary and General Discussion 
Experimental quantification of the bone removal characteristics associated with bone 
burring proves useful in applications across various fields that have implemented, or have 
the potential to implement, a high speed rotary tool for bone burring. High temperature 
generation caused during bone burring in some surgical procedures has been shown to 
cause osteonecrosis, which may cause joint replacement loosening [35, 36, 53]. The 
selection of burring process parameters becomes relevant as the selected parameters 
subsequently determine the process outcomes. The body of work presented contributes to 
the preexisting knowledge already associated with characterizing the bone burring 
process. First, a developed experimental apparatus was designed that allowed for control 
of various process parameters and monitored the outcome measurements: temperature, 
vibration, and cutting force in three directions, simultaneously during bone burring 
(Chapter 2). A full factorial analysis with eight process parameters and five outcome 
measurements was performed using the developed apparatus, using a sawbone analog as 
the workpiece (Chapter 3). Optimal and suboptimal sets of process parameters were 
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identified in Chapter 4. Finally, using the developed apparatus from Chapter 2, and 
selected parameters through findings in Chapters 3 and 4, the burring process was further 
evaluated on porcine cadaveric specimens in Chapter 5. 
Previous studies within the context of bone burring have focused on assessing the process 
primarily in regards to temperature or cutting force independently [40-42, 45]. Unique to 
the experimental apparatus presented in Chapter 2, was the ability to capture dynamic 
effects of the tool during burring in order to simultaneously measure the temperature and 
cutting force of the process. As well, the developed apparatus provided the ability to 
precisely control the multiple process parameters (depth of cut, feed rate, cutting overlap, 
inclination angle, and tilt angle). Findings within Chapter 2 proved the feasibility of 
capturing the process outcomes through various integrated transducers. The system 
proved to be repeatable, standard deviations of Fx = 0.08 N, Fy = 0.01 N, Fz = 0.09 N, 
vibration = 0.36 g-rms, and temperature = 1.4 °C. Additionally, a signal-to-noise ratio 
greater than 5 dB was found for each of the directional cutting forces. The high signal-to-
noise ratio coupled with high repeatability of the system matched previous experimental 
studies, supporting the first hypothesis. Additionally, the experimental tests outlined in 
Appendix C, further supported the accuracy of these results. 
Chapter 3 provided further insight into the magnitude of influence that the process 
parameters had on the outcome measurements; an eight-way fully balanced MANOVA 
with five outcome measurements was conducted. Statistically significant differences were 
found with nearly every process parameter at the multivariate and univariate level for 
each outcome measurement. The volume of statistically significant differences was 
attributed to the highly controlled experimental apparatus and its sensitivity to detect 
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small effect sizes due to small adjustments in the process parameters. High repeatability, 
coupled with high signal-to-noise ratio was desirable in the developmental phase in 
Chapter 2; however, it resulted in difficulty in indentifying key sets of parameters for 
selection of an optimal tool configuration. Although Chapter 3 supported the second 
hypothesis, such that statistically significant differences were found; no such indication 
into optimal and suboptimal parameters was obtained through the methods performed in 
Chapter 3 alone. 
Building off of Chapter 3, Chapter 4 evaluated the tradeoffs that were present and 
selected process parameters based on clinical relevance. The force magnitudes were low 
(<3 N) and as a result, they were disregarded in the selection process because the 
magnitude of the measurements were deemed to not be clinically relevant, regardless of 
the selection of process parameters. Chapter 4 sought to select parameters based on the 
criteria that led to: local minimums in temperature and vibration, local maximums in 
temperature and vibration, maximums in temperature only, and maximums in vibration 
only. Selection of a 15,000 rpm rotational speed, 2 mm/s feed rate, and 50% cutting 
overlap, led to an optimal tool configuration that avoided high temperatures and 
vibrations within the remaining unconstrained parameters. Although it was earlier 
established (Chapter 3) that the process parameters can statistically alter the process 
outcomes, Chapter 4 was able to fully support the second hypothesis in selection of 
optimal and suboptimal parameters. 
Chapter 5 further provided insight into the influence of process parameters, by validating 
the optimal and suboptimal sets on a porcine cadaveric bone model. The optimal set of 
parameters established in the sawbone burring trials, also produced favorable results in 
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reducing temperature and vibration compared to the suboptimal set. Additionally, similar 
trends were found within the porcine model that were previously established with the 
sawbone analog (Figure 5.4 and Figure 5.6). Increasing the depth of cut and feed rate, as 
well as constraining the inclination angle to 0 degrees, resulted in an increase of 
temperature and vibration. The relationship between trends between the sawbone analog 
and porcine cancellous bone, as well as the similarities exhibited between optimal and 
suboptimal parameters, supported the third and final hypothesis.  
Comparing the trends observed agree well with previous findings [40-42]. Increasing 
depth of cut and decreasing feed rate resulted in an increasing temperature, which was 
also found by Shin et al. [40]. Dillon et al. found that increasing depth of cut, tilt angle, 
and feed rate resulted in increased forces, which was found in this work as well [41]. The 
overall rationale of this project was to perform a full factorial analysis to evaluate all of 
the process parameters and selected levels within, to provide a thorough understanding of 
the characteristics associated with bone burring. The current experimental results align 
with previously established trends. Moreover, additional characteristics of the process 
parameters were established in Chapters 3 and 5, including vibration. 
Overall, the optimal tool configuration is a 6 mm sphere tool with a rotational speed of 
15,000 rpm, 2 mm/s feed rate, and overlap of 50%. This choice of fixed parameters 
allows for the remaining parameters to be varied, while still avoiding high temperatures 
or high vibrations. Specifically, depths of cut (0.5 and 1.0 mm tested), inclination angles 
(0, +40, and -40° tested) and tilt angles (0 and 45° tested), may be selected, or randomly 
encountered while still achieving optimal temperature and vibrations. The ability to allow 
for different angles and depths of cut to be encountered is an important flexibility in the 
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design of the tool path trajectories for robotic burring applications, and for manual 
burring procedures in which these parameters are difficult to control. 
6.2 Strengths and Limitations 
A significant strength of this work is the large amount of independent and dependent 
variables included within the experimental protocol, which is notably more thorough than 
any previously published work. The full factorial analysis examined the effects and 
interdependencies of the process parameters associated with bone burring without 
aliasing any effects that may be present in a fractional designed study. A significant 
contribution to experimentally quantifying the bone burring process was achieved 
through completion of the second objective. 
Evaluating the process parameters on a sawbone analog (Chapter 3 and Chapter 4) can be 
seen as a limitation due to the inherent differences between the foam polyurethane 
sawbone compared to cancellous bone. However, as natural bone's structural properties 
vary within and between subjects, a consistent workpiece for means of evaluation of the 
process parameters provided low variability needed to statistically compare the effects of 
various process parameters. Through choice of a consistent workpiece, the differences 
evoked within the statistical analysis are due to variations in the process parameters 
rather than differences in the workpiece. Although it is anticipated, and demonstrated in 
Chapter 5, that magnitudes of the outcome variables are different in sawbone compared 
to cancellous bone, the process trends established in the sawbone trials are characteristic 
of the burring process, which are then transferable to cancellous bone. 
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A main strength of this study, was measuring the dynamic effects of the tool itself, which 
is relevant to ergonomics and to robotic systems that rely on force measurement in their 
feedback controllers.  
6.3 Future Work 
Throughout the course of this work, further objectives became apparent to fully 
characterize the bone burring process. Chapter 2 discussed the methods of quantifying the 
dynamic effects of the tool, through use of the root-mean-square vibration. One drawback 
of this metric is that it does not provide insight into the frequencies of the dynamic 
effects, which could prove useful in detecting chatter or resonant frequencies. Principle 
and harmonic frequencies of the rotational speed of the tool were present in the results of 
Chapter 2. Whether additional chatter frequencies can be observed within the frequency 
domain is unknown. A highly controlled study involving a select few process parameters 
that result in chatter free and chatter present conditions would be useful in detecting a 
frequency that may be unique to the chatter vibration. As well, and more importantly, it 
would be interesting to examine the effects of chatter on other outcome measurements, 
such as force and temperature, and the performance of burring trials with high chatter.  
Finally, another possible application of these methods is to generate synthesized burring 
haptic feedback in the design of high fidelity surgical simulations. An important mode of 
immersive feedback is the acoustics of the burring process. It is believed that the same 
frequencies generated due to the machining process would be present in the sound profile 
[67]. While not reported in the body of this thesis, a pilot study was conducted to 
investigate the feasibility of using a microphone to synthesize the acoustics associated 
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with bone burring. This work is presented in Appendix G to form the basis for future 
work. 
6.4 Conclusion 
Bone burring is ideally performed using a spherical burr. Cylinder burrs should be 
avoided unless it can be insured that the nose of the burr does not engage the bone. Using 
a spherical burr, the optimal configuration is to use a 6 mm sphere burr at 15,000 rpm 
with a 2 mm/s feed rate and a 50% overlap. This combination is the safest in terms of 
avoiding high temperatures and high vibrations. Moreover, it provides the flexibility to 
variably penetrate the bone, and to tilt the tool in various angles relative to the bone, 
without sacrificing low temperature and vibration.  
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Appendix A: Developed Experimental Apparatus Component 
Drawings 
Note: All dimensions are in millimeters (mm). 
 
Tool Clamp Guide 
Instron Attachment 
IR Place Holder 
Shaft Collar 
Tool Clamp Left 
Tool Clamp Right 
Tool Holder 
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Work Piece 
Vise Holder 
Vise to Mini 
Mini to XY 
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Load Cell Specification Sheet 
Appendix B: Supplementary Specification Sheets 
Listed following are specification sheets for the accelerometer (42A16), load cell, and 
infrared pyrometer supplied by the manufacturer. 
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Accelerometer (42A16) Specification Sheet 
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Infrared Pyrometer (CT-SF02-C3) Specification Sheet 
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Appendix C: Supplementary Testing Files 
 
A series of developmental experiments were performed to ensure accurate measurements 
for the various transducers. The performed tests included: 
 Noise testing of all transducers 
 Depth of cut calibration 
 Load cell measurement verification 
 Effect of time between successive burring trials on temperature measurements 
 Alignment of pyrometer 
Noise testing was performed on each transducer, to view the noise characteristics that are 
inherent to the transducers. The depth of cut calibration was performed as through 
development, it was discovered that the developed apparatus required a means to adjust 
the workpiece plane for consistent and accurate depths of cut. Load cell verification 
testing was performed against an offline measurement performed by means of static 
weights to ensure accurate measurements post processing of the signal. Finally, 
throughout the development phase, it was apparent a means to align the infrared 
pyrometer was needed to ensure accurate placement and subsequently measurements of 
the temperature of the workpiece. From the results of the developmental experiments it 
can be reasonably concluded that the developed apparatus obtained accurate outcome 
measurements. Additional information regarding each individual test is detailed in the 
following pages. 
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Accelerometer 
Figure C.1: Noise characterization of accelerometer 
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The noise measurements of the accelerometer are shown above. A mean noise (black dashed line) of 0 g 
was found with a standard deviation (red dashed line) of 0.004 g. 
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Infrared Pyrometer 
Figure C.2: Noise characterization of pyrometer 
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The noise measurements of the infrared pyrometer are shown above. A mean temperature (black 
dashed line) of 20.8 °C was found with a standard deviation (red dashed line) of 0.1°C. 
Noise Testing 
Noise testing was performed to determine the noise of the transducers at an idle state. 
Measurements of the three transducers (accelerometer, IR pyrometer, and load cell) were 
recorded for a duration of 10 seconds and are reported below. The mean value as well as 
the scatter (+/- 1 standard deviation) is shown for each of the outcome measurements. 
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Figure C.3: Noise measurements of 3 DOF load cell 
The noise measurements of the forces (Fx, Fy, and Fx) obtained from the load cell are 
shown above. A mean noise (black dashed line) of 0 N with a standard deviation (red 
dashed line) of 0.001 N was found in the x-direction. A mean noise (black dashed line) 
of 0±0.001 N was found in the y-direction and 0±0.001 N was found in the z-direction.  
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Depth of Cut Calibration 
Throughout the design process; it was observed that the workpiece clamp did not produce 
a consistent depth of cut throughout the burring trial as indicated by the cutting force 
results recorded. The associated errors arose due to the planes between the burring bit and 
workpiece were not aligned, resulting in the depth of cut to change throughout the 
burring path. The error was viewed in the outcome measurements as seen in Figure C.4 
as the recorded force measurements increased as the burring bit progresses throughout its 
trajectory. It is apparent that the forces do not reach a steady state as originally 
anticipated. 
To overcome the varying depth of cut, a means to adjust the workpiece plane was 
designed. A series of nuts, bolts, and washers were used to control the back of the vise 
grips essentially acting as stilts. Subsequently, the plane of the workpiece could be 
adjusted using the pitch of the screw, as depicted in Figure C.5. The leveling process was 
performed manually and locked in place when the outcome measurements were deemed 
adequate. 
Initial results from the unleveled workpiece clamp are presented in Figure C.4. 
Additionally, the design and components of the adjustable experimental apparatus , and 
the cutting force results obtained, once the leveling process was complete, are shown in 
Figure C.5. 
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Original design entailed fastening 
the shop vise to the back plate 
which allowed for no means for 
adjustment 
Figure C.4: Force measurements of original designed workpiece clamp 
Cutting Force of Original Design 
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The cutting force (Fx, Fy, and Fz) measurements obtained from the load cell using the 
original design of the workpiece clamp are shown above. Viewing the cutting force 
results, it is apparent that the force varies from entry to exit points of the burr. The 
variation in the outcome measurements is due to the varying depth of cut, confirmed 
visually, throughout the burring process. 
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Adjustable workpiece clamp 
Figure C.5: Force measurements with adjustable clamp 
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Bolt Washer Nut Locknut 
The cutting force (Fx, Fy, and Fz) measurements obtained from the load cell using the 
redesigned adjustable workpiece clamp are shown above. Viewing the cutting force 
results, it is apparent that the forces are more consistent compared to the previous 
design between the entry and exit points of the burr. Moving forward into the 
experimental analysis (Chapter 3 and onward), the redesigned workpiece clamp was 
used.  
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Load Cell Verification 
The measurement of the load cell was calibrated against offline measurement performed 
by means of comparable static weights (200 grams, 400 grams, 600 grams) and the 
results are presented. The same parameters were used in each burring trial to allow for 
comparisons between runs. 
Figure C.6: Sample outputs from load cell verification tests (0, 2N) 
Fx= 0.89±0.22 N 
Fy= 0.60±0.19 N 
Fz= -0.25±0.09 N 
Fx= 0.89±0.20 N 
Fy= 0.54±0.17 N 
Fz= -2.22±0.09 N 
weight added 
weight removed 
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Original Burring Trial 
Added Weight - 200 grams (≈2N) 
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Fy 
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Outcome measurements of the cutting force (Fx, Fy, and Fz) for the original and 200 
grams burring trial are shown above. The original burring trial was performed as a 
means of comparison for the subsequent trails. The 200 grams added trial was 
performed using a static weight that was added to the system. 
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The results of the load cell calibration were performed to ensure accurate measurements 
of the load cell. The results recorded, show high repeatability in the X and Y direction as 
the weights were added only in the Z direction. The Z direction is also able to account for 
the added static weight in each condition, further indicating that the load cell is recording 
the physical quantity correctly. 
Figure C.7: Sample outputs from load cell verification tests (4N, 6 N) 
Fx= 0.97±0.20 N 
Fy= 0.50±0.18 N 
Fz= -4.17±0.11 N 
Fx= 0.90±0.18 N 
Fy= 0.51±0.15 N 
Fz= -6.13±0.11 N 
weight added 
weight removed 
weight added 
weight removed 
Time (s) 
Time (s) 
Added Weight - 400 grams (≈4 N) 
Added Weight - 600 grams (≈6 N) 
Fx 
Fy 
Fz 
 
Outcome measurements of the cutting force (Fx, Fy, and Fz) for the ≈4N and ≈6N 
burring trial are shown above. Both trials further indicate that the developed apparatus 
is measuring correctly, due to its ability to measure the static weights along with the 
cutting force. 
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Effect of Time Between Successive Burring Paths on Temperature  
The effect of time between successive burring trails on the outcome measurement of 
temperature was examined. The reason this experimental protocol was performed, was to 
ensure that the burring bit cooled long enough before a subsequent burring trial. As a 
large number of burring trials were to be performed within the experimental analysis, to 
reduce the time involved associated with data collection, the shortest time between 
successive burring trials without altering the outcome measurement of time should be 
optimized. Consistent process parameters were used within this trial. An original run was 
performed with the tool at room temperature. Cooling time was varied at three different 
increments, 30 seconds, 1.5 minutes, and 10 minutes. The shortest cooling time to allow 
for less than 0.5 ᴼC was ideal. The results from the experimental measurements are 
shown in Table C.1. 
Table C.1: Temperature measurements for time delay between subsequent trails 
Cooling Time Measured Temperature (°C) 
Original Run 40.1±0.4 
30 seconds 41.4±0.3 
1.5 minutes 40.4±0.3 
10 minutes 40.0±0.2 
From the results obtained through the experimental measurements, it was found that 1.5 
minutes was an appropriate time to allow for cooling of the tool between burring trials. 
Therefore, for data collection, the least amount of time needed between successive trials 
was 1.5 minutes.  
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Alignment of Pyrometer 
As an infrared pyrometer relies on a non-contact means of measuring temperature; 
ensuring the pyrometer's measurement spot is in the correct location is essential in 
obtaining an accurate measurement. To ensure that the pyrometer measurement spot was 
placed in the correct position on the workpiece three steps were taken. The steps 
performed to ensure correct positioning include:  
1. A channel was burred into the workpiece. 
2. The pyrometer was aligned in the burred channel using a custom designed 3d 
printed jig, that matched the infrared pyrometers' beam pattern. 
3. The position was validated against inducing a heat gradient into the burred 
channel using a heated wire (width of the burring channel). 
 
The steps outlined above are summarized in Figure C.8. The steps to realign the infrared 
pyrometer were repeated only when the tilt angle was varied. The infrared pyrometer was 
only varied with varying tilt angle, as the infrared pyrometer was aligned to the center of 
the tool with a 0 degree tilt angle. However, as the tilt angle changes to 45 degrees, the 
face that provides the cutting changes from the face of the burr, to the edge of the burr. 
Therefore, if the infrared pyrometer was not realigned, the infrared pyrometer would still 
be aligned to the center of the tool, which may be outside the burred channel. 
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1) 
Figure C.8: Alignment of pyrometer 
2) 
3) 
Three steps taken to align the pyrometer. First, a channel was burred into the workpiece. 
Secondly, the infrared pyrometer was aligned using a 3d printed jig. Finally, to validate 
the placement of the pyrometer, a heated wire was used to induce a heat gradient in the 
workpiece. 
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Appendix D: Statistical Analysis Guide 
Various statistical methods are employed within the current project to evaluate the effects 
of process parameters in a bone burring application. An experimental approach was taken 
that included varying the process parameters and quantifying the experimental 
measurands through transducers. Statistical methods were then used to view the 
significance of the results and provide rationale for selection of various process 
parameters. The typical procedure for performing the statistical analysis, adapted from a 
similar study involving machining, followed three steps [68]:  
1. a multivariate analysis of variance (MANOVA)  
2. an univariate analysis of variance (ANOVA) on each outcome measurement  
3. a pairwise comparison of the main effects and interactions  
All statistical analyses conducted within this thesis was performed using IBM’s 
Statistical Package for Social Sciences (SPSS), Version 22.0 (SPSS Inc., Chicago, IL). 
A multivariate analysis of variance (MANOVA) was used to study the effects of one or 
more independent variables on more than one dependent variable. The strength of the 
MANOVA is to protect against Type 1 errors (false positive) that may occur if only 
multiple ANOVAs were performed on the same data set. The first step of the MANOVA 
is to test the overall hypothesis that no difference exist in the means for different groups 
of dependent variables. A typical output of a MANOVA analysis reports significant 
values for four different types of tests: Hotelling's T-squared test, Wilk's lambda, Pillai-
Bartlett test, and Roy's greatest character root. For the sake of relevance to this thesis, 
Wilk's lambda and Pillai-Bartlett tests will be used. Wilk's lambda test is the most 
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common and widely used traditional test and is utilized when there are more than two 
groups formed by the independent variables [69]. Pillai-Bartlett test is also employed 
when the dependent variables fail to meet the assumption of equality of variance-
covariance as assessed by Box's M test. 
An analysis of variance (ANOVA) was subsequently applied to each of the outcome 
measurements comprised of the experimental data set. An ANOVA tests for statistical 
differences between the means of two or more groups. An ANOVA can report statistical 
differences between groups due to the varying levels of one independent variable (main 
effects) or multiple variables (interactions). For a repeated measures model, a typical 
output will report significance for four different types of tests: sphericity assumed, 
Greenhouse-Geisser, Hunynh-Feldt, and lower-bound [69]. Within this thesis, the 
sphericity assumed test is applied if the data set satisfies Mauchly's test of sphericity. If 
the data set violates Mauchly's test of sphericity, Greenhouse-Geisser test was applied. 
Although MANOVA and ANOVA tests are useful for determining the process 
parameters that lead to statistically significant differences in the means of the outcome 
measurements, no indication of the magnitude of the effect is given. Therefore, pairwise 
comparisons and post hoc analyses were performed to analyze the extent of the effect of 
varying the process parameters. Post hoc analyses were performed on independent 
variables that had two or more levels to examine which levels were statistically 
significant. If the independent variable only had two levels, a post hoc analysis was not 
needed as statistical significance was already reported by the ANOVA. 
162 
 
 
 
The design of experiment is also important in constructing an appropriate data set for the 
statistical analysis. There exists two different types of experimental design for a 
multivariate statistical analysis: full factorial or fraction factorial design [70]. A full 
factorial analysis is the most effective at determining the main effects as well as 
interactions among the process parameters as it covers every combination of the 
independent variables. However, the main drawback of the full factorial analysis is the 
resources (cost and time) involved. The main contributor to cost in a machining 
experiment, would be the cost due to the amount of workpieces needed to carry out the 
experiment. A fractional factorial design reduces the amount of observations or 
machining trials typically required by selecting certain process parameters and evaluating 
the effects within the selected subsections. However, the main drawback of the fractional 
factorial design approach is that not all combinations of parameters are tested, and certain 
"synergistic" process parameters may be missed due to the experimental design [70]. The 
full factorial design and multivariate approach taken within this thesis, was drawn from a 
previous machining study with the similar objective of optimizing the process parameters 
albeit in a different application for end milling AISI 1018 steel [68]. 
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Appendix E: Burring Trials and Associated Force Results from 
Results Presented in Chapter 4 
The following tables are the combinations of process parameters from the burring trials 
presented in Figure 4.4 and Figure 4.5. The burring trial # and the associated cutting force 
magnitudes in the X,Y, and Z direction are summarized in the following tables (Table E.1 
to Table E.4). 
Table E.1: Reduced sample set #1: local minimums of temperature and vibration 
Burring 
Trial # 
Tool 
Type 
Diameter 
(mm) 
Tilt Angle 
(ᴼ) 
Inclination 
Angle (ᴼ) 
Depth of 
Cut (mm) Fx (N) Fy (N) Fz (N) 
0 Sphere 6 0 0 0.5 0.53 0.24 -0.04 
1 Sphere 6 0 0 1.0 0.65 0.45 -0.19 
2 Sphere 6 0 +40 0.0 0.32 0.27 -0.03 
3 Sphere 6 0 +40 1.0 0.41 0.38 -0.13 
4 Sphere 6 0 -40 0.0 0.19 -0.07 -0.08 
5 Sphere 6 0 -40 1.0 0.88 -0.05 -0.32 
6 Sphere 6 45 0 0.5 0.46 0.17 -0.46 
7 Sphere 6 45 0 1.0 0.60 0.35 -0.72 
8 Sphere 6 45 +40 0.0 0.21 0.11 -0.11 
9 Sphere 6 45 +40 1.0 0.36 0.38 -0.34 
10 Sphere 6 45 -40 0.0 0.28 -0.08 -0.16 
11 Sphere 6 45 -40 1.0 0.57 -0.15 -0.50 
12 Sphere 4 0 0 0.5 0.44 0.23 -0.05 
13 Sphere 4 0 0 1.0 0.56 0.35 -0.13 
14 Sphere 4 0 +40 0.0 0.13 0.11 -0.03 
15 Sphere 4 0 +40 1.0 0.18 0.22 -0.09 
16 Sphere 4 0 -40 0.0 0.59 -0.08 -0.10 
17 Sphere 4 0 -40 1.0 0.83 0.08 -0.32 
18 Sphere 4 45 0 0.5 0.27 0.13 -0.27 
19 Sphere 4 45 0 1.0 0.33 0.51 -0.36 
20 Sphere 4 45 +40 0.0 0.14 0.14 -0.14 
21 Sphere 4 45 +40 1.0 0.17 0.23 -0.22 
22 Sphere 4 45 -40 0.0 0.31 -0.06 -0.25 
23 Sphere 4 45 -40 1.0 0.57 0.05 -0.55 
24 Cylinder 6 0 0 0.5 1.46 0.54 -0.12 
25 Cylinder 6 0 0 1.0 1.46 0.55 0.22 
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26 Cylinder 6 0 +40 0.0 0.08 0.10 -0.01 
27 Cylinder 6 0 +40 1.0 0.12 0.15 -0.06 
28 Cylinder 6 0 -40 0.0 0.32 -0.14 -0.14 
29 Cylinder 6 0 -40 1.0 0.65 -0.29 -0.27 
30 Cylinder 6 45 0 0.5 0.13 0.11 -0.08 
31 Cylinder 6 45 0 1.0 0.46 0.50 -0.48 
32 Cylinder 6 45 +40 0.0 0.04 0.04 -0.05 
33 Cylinder 6 45 +40 1.0 0.09 0.12 -0.13 
34 Cylinder 6 45 -40 0.0 0.13 0.01 -0.12 
35 Cylinder 6 45 -40 1.0 0.36 0.05 -0.35 
36 Cylinder 4 0 0 0.5 1.44 0.51 -0.15 
37 Cylinder 4 0 0 1.0 1.44 0.56 -0.15 
38 Cylinder 4 0 +40 0.0 0.06 0.09 -0.03 
39 Cylinder 4 0 +40 1.0 0.07 0.12 -0.06 
40 Cylinder 4 0 -40 0.0 0.33 -0.13 -0.17 
41 Cylinder 4 0 -40 1.0 0.71 -0.23 -0.31 
42 Cylinder 4 45 0 0.5 0.17 0.16 -0.15 
43 Cylinder 4 45 0 1.0 0.60 0.74 -0.38 
44 Cylinder 4 45 +40 0.0 0.04 0.02 -0.07 
45 Cylinder 4 45 +40 1.0 0.08 0.07 -0.11 
46 Cylinder 4 45 -40 0.0 0.20 0.03 -0.21 
47 Cylinder 4 45 -40 1.0 0.50 0.08 -0.62 
 
Table E.2: Reduced sample set #2: local maximums of temperature and vibration 
Burring 
Trial # 
Tool 
Type 
Diameter 
(mm) 
Tilt Angle 
(ᴼ) 
Feed Rate 
(mm/s) 
Depth of 
Cut (mm) Fx (N) Fy (N) Fz (N) 
0 Sphere 6 0 2 0.5 0.25 0.12 -0.09 
1 Sphere 6 0 2 1.0 0.28 0.12 -0.15 
2 Sphere 6 0 6 0.0 0.34 0.16 -0.11 
3 Sphere 6 0 6 1.0 0.46 0.25 -0.30 
4 Sphere 6 45 2 0.0 0.15 0.04 -0.15 
5 Sphere 6 45 2 1.0 0.17 0.04 -0.17 
6 Sphere 6 45 6 0.5 0.22 0.05 -0.22 
7 Sphere 6 45 6 1.0 0.38 0.27 -0.47 
8 Sphere 4 0 2 0.5 0.19 0.11 -0.04 
9 Sphere 4 0 2 1.0 0.15 0.10 -0.03 
10 Sphere 4 0 6 0.0 0.27 0.13 -0.08 
11 Sphere 4 0 6 1.0 0.31 0.15 -0.14 
12 Sphere 4 45 2 0.0 0.10 0.04 -0.12 
13 Sphere 4 45 2 1.0 0.12 0.16 -0.13 
14 Sphere 4 45 6 0.5 0.18 0.14 -0.21 
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15 Sphere 4 45 6 1.0 0.18 0.23 -0.25 
16 Cylinder 0 0 0 0.0 0.46 0.19 -0.06 
17 Cylinder 0 0 0 1.0 0.47 0.19 -0.10 
18 Cylinder 0 0 1 0.0 0.65 0.27 -0.10 
19 Cylinder 0 0 1 1.0 0.71 0.24 -0.14 
20 Cylinder 0 1 0 0.0 0.05 0.04 -0.05 
21 Cylinder 0 1 0 1.0 0.14 0.16 -0.18 
22 Cylinder 0 1 1 0.0 0.08 0.08 -0.03 
23 Cylinder 0 1 1 1.0 0.20 0.18 -0.30 
24 Cylinder 1 0 0 0.0 0.47 0.18 -0.06 
25 Cylinder 1 0 0 1.0 0.43 0.19 -0.11 
26 Cylinder 1 0 1 0.0 0.62 0.24 -0.10 
27 Cylinder 1 0 1 1.0 0.58 0.25 -0.13 
28 Cylinder 1 1 0 0.0 0.06 0.06 -0.04 
29 Cylinder 1 1 0 1.0 0.16 0.21 -0.17 
30 Cylinder 1 1 1 0.0 0.11 0.13 -0.09 
31 Cylinder 1 1 1 1.0 0.27 0.34 -0.30 
 
Table E.3: Reduced sample set #3: absolute maximum for temperature 
Burring 
Trial # 
Diameter 
(mm) 
Rotary 
Speed 
(rpm) 
Feed Rate 
(mm/s) 
Depth of 
Cut (mm) 
Overlap 
(%) Fx (N) Fy (N) Fz (N) 
0 6 15,000 2 0.5 0 1.55 0.52 -0.23 
1 6 15,000 2 0.5 10 1.54 0.52 -0.23 
2 6 15,000 2 0.5 50 1.46 0.54 -0.12 
3 6 15,000 2 1.0 0 1.58 0.57 -0.28 
4 6 15,000 2 1.0 10 1.57 0.57 -0.27 
5 6 15,000 2 1.0 50 1.46 0.55 0.22 
6 6 15,000 6 0.5 0 2.07 0.77 -0.36 
7 6 15,000 6 0.5 10 2.02 0.77 -0.34 
8 6 15,000 6 0.5 50 2.00 0.82 -0.15 
9 6 15,000 6 1.0 0 2.09 0.75 -0.37 
10 6 15,000 6 1.0 10 2.11 0.78 -0.36 
11 6 15,000 6 1.0 50 2.08 0.83 -0.18 
12 6 45,000 2 0.5 0 0.67 0.25 -0.13 
13 6 45,000 2 0.5 10 0.67 0.25 -0.11 
14 6 45,000 2 0.5 50 0.66 0.27 -0.07 
15 6 45,000 2 1.0 0 0.68 0.26 -0.15 
16 6 45,000 2 1.0 10 0.68 0.28 -0.17 
17 6 45,000 2 1.0 50 0.68 0.31 -0.06 
18 6 45,000 6 0.5 0 0.93 0.40 -0.22 
19 6 45,000 6 0.5 10 0.94 0.39 -0.20 
166 
 
 
 
20 6 45,000 6 0.5 50 0.89 0.41 -0.11 
21 6 45,000 6 1.0 0 1.00 0.38 -0.21 
22 6 45,000 6 1.0 10 1.00 0.39 -0.21 
23 6 45,000 6 1.0 50 0.96 0.43 -0.09 
24 6 75,000 2 0.5 0 0.46 0.18 -0.07 
25 6 75,000 2 0.5 10 0.46 0.19 -0.06 
26 6 75,000 2 0.5 50 0.47 0.20 -0.04 
27 6 75,000 2 1.0 0 0.47 0.19 -0.09 
28 6 75,000 2 1.0 10 0.47 0.19 -0.10 
29 6 75,000 2 1.0 50 0.47 0.21 -0.04 
30 6 75,000 6 0.5 0 0.66 0.26 -0.09 
31 6 75,000 6 0.5 10 0.65 0.27 -0.10 
32 6 75,000 6 0.5 50 0.63 0.28 -0.04 
33 6 75,000 6 1.0 0 0.70 0.25 -0.14 
34 6 75,000 6 1.0 10 0.71 0.24 -0.14 
35 6 75,000 6 1.0 50 0.67 0.28 -0.03 
36 4 15,000 2 0.5 0 1.44 0.46 -0.27 
37 4 15,000 2 0.5 10 1.45 0.49 -0.23 
38 4 15,000 2 0.5 50 1.44 0.51 -0.15 
39 4 15,000 2 1.0 0 1.45 0.48 -0.28 
40 4 15,000 2 1.0 10 1.45 0.51 -0.27 
41 4 15,000 2 1.0 50 1.44 0.56 -0.15 
42 4 15,000 6 0.5 0 2.05 0.65 -0.32 
43 4 15,000 6 0.5 10 2.01 0.65 -0.30 
44 4 15,000 6 0.5 50 1.95 0.64 -0.18 
45 4 15,000 6 1.0 0 1.88 0.74 -0.47 
46 4 15,000 6 1.0 10 1.93 0.80 -0.42 
47 4 15,000 6 1.0 50 1.88 0.80 -0.26 
48 4 45,000 2 0.5 0 0.61 0.23 -0.10 
49 4 45,000 2 0.5 10 0.61 0.22 -0.11 
50 4 45,000 2 0.5 50 0.64 0.25 -0.08 
51 4 45,000 2 1.0 0 0.59 0.23 -0.13 
52 4 45,000 2 1.0 10 0.62 0.25 -0.16 
53 4 45,000 2 1.0 50 0.65 0.28 -0.09 
54 4 45,000 6 0.5 0 0.91 0.31 -0.17 
55 4 45,000 6 0.5 10 0.87 0.30 -0.18 
56 4 45,000 6 0.5 50 0.90 0.34 -0.09 
57 4 45,000 6 1.0 0 0.86 0.32 -0.21 
58 4 45,000 6 1.0 10 0.83 0.34 -0.20 
59 4 45,000 6 1.0 50 0.86 0.38 -0.11 
60 4 75,000 2 0.5 0 0.45 0.17 -0.07 
61 4 75,000 2 0.5 10 0.47 0.18 -0.06 
62 4 75,000 2 0.5 50 0.47 0.19 -0.03 
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63 4 75,000 2 1.0 0 0.39 0.17 -0.09 
64 4 75,000 2 1.0 10 0.43 0.19 -0.11 
65 4 75,000 2 1.0 50 0.41 0.20 -0.08 
66 4 75,000 6 0.5 0 0.62 0.23 -0.09 
67 4 75,000 6 0.5 10 0.62 0.24 -0.10 
68 4 75,000 6 0.5 50 0.62 0.25 -0.06 
69 4 75,000 6 1.0 0 0.57 0.24 -0.14 
70 4 75,000 6 1.0 10 0.58 0.25 -0.13 
71 4 75,000 6 1.0 50 0.56 0.24 -0.06 
 
Table E.4: Reduced sample set #4: absolute maximum for vibration 
Burring 
Trial # 
Tool 
Type 
Diameter 
(mm) 
Tilt 
Angle (ᴼ) 
Inclination 
Angle (ᴼ) 
Depth of 
Cut (mm) Fx (N) Fy (N) Fz (N) 
0 Sphere 6 0 0 0.5 0.34 0.16 -0.11 
1 Sphere 6 0 0 1.0 0.46 0.25 -0.30 
2 Sphere 6 0 +40 0.5 0.18 0.11 -0.04 
3 Sphere 6 0 +40 1.0 0.24 0.15 -0.11 
4 Sphere 6 0 -40 0.5 0.29 -0.13 -0.15 
5 Sphere 6 0 -40 1.0 0.81 -0.08 -0.56 
6 Sphere 6 45 0 0.5 0.22 0.05 -0.22 
7 Sphere 6 45 0 1.0 0.38 0.27 -0.47 
8 Sphere 6 45 +40 0.0 0.16 0.12 -0.15 
9 Sphere 6 45 +40 1.0 0.26 0.14 -0.23 
10 Sphere 6 45 -40 0.0 0.24 -0.06 -0.19 
11 Sphere 6 45 -40 1.0 0.44 -0.11 -0.55 
12 Sphere 4 0 0 0.5 0.27 0.13 -0.08 
13 Sphere 4 0 0 1.0 0.31 0.15 -0.14 
14 Sphere 4 0 +40 0.5 0.11 0.07 -0.04 
15 Sphere 4 0 +40 1.0 0.16 0.11 -0.11 
16 Sphere 4 0 -40 0.5 0.29 -0.06 -0.16 
17 Sphere 4 0 -40 1.0 0.46 -0.12 -0.26 
18 Sphere 4 45 0 0.5 0.18 0.14 -0.21 
19 Sphere 4 45 0 1.0 0.18 0.23 -0.25 
20 Sphere 4 45 +40 0.0 0.10 0.08 -0.12 
21 Sphere 4 45 +40 1.0 0.11 0.12 -0.16 
22 Sphere 4 45 -40 0.0 0.19 -0.06 -0.18 
23 Sphere 4 45 -40 1.0 0.34 0.01 -0.49 
24 Cylinder 6 0 0 0.5 0.65 0.27 -0.10 
25 Cylinder 6 0 0 1.0 0.71 0.24 -0.14 
26 Cylinder 6 0 +40 0.5 0.07 0.05 -0.03 
27 Cylinder 6 0 +40 1.0 0.17 0.13 -0.13 
28 Cylinder 6 0 -40 0.5 0.28 -0.16 -0.16 
168 
 
 
 
29 Cylinder 6 0 -40 1.0 0.62 -0.34 -0.41 
30 Cylinder 6 45 0 0.5 0.08 0.08 -0.03 
31 Cylinder 6 45 0 1.0 0.20 0.18 -0.30 
32 Cylinder 6 45 +40 0.0 0.08 0.05 -0.07 
33 Cylinder 6 45 +40 1.0 0.14 0.09 -0.14 
34 Cylinder 6 45 -40 0.0 0.17 0.02 -0.22 
35 Cylinder 6 45 -40 1.0 0.24 0.03 -0.30 
36 Cylinder 4 0 0 0.5 0.62 0.24 -0.10 
37 Cylinder 4 0 0 1.0 0.58 0.25 -0.13 
38 Cylinder 4 0 +40 0.5 0.10 0.09 -0.10 
39 Cylinder 4 0 +40 1.0 0.12 0.11 -0.11 
40 Cylinder 4 0 -40 0.5 0.31 -0.15 -0.20 
41 Cylinder 4 0 -40 1.0 0.77 -0.31 -0.54 
42 Cylinder 4 45 0 0.5 0.11 0.13 -0.09 
43 Cylinder 4 45 0 1.0 0.27 0.34 -0.30 
44 Cylinder 4 45 +40 0.0 0.07 0.03 -0.03 
45 Cylinder 4 45 +40 1.0 0.12 0.09 -0.10 
46 Cylinder 4 45 -40 0.0 0.19 0.04 -0.21 
47 Cylinder 4 45 -40 1.0 0.43 0.08 -0.58 
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Appendix F: Burring Trials and Associated Force Results from 
Results Presented in Chapter 5 
The following tables are the combinations of process parameters from the burring trials 
presented in Figure 5.4 and Figure 5.6. The burring trial # and the associated cutting force 
magnitudes in the X,Y, and Z direction are summarized in the following tables (Table F.1 
and Table F.2). 
Table F.1: Optimal combination set of process parameters 
Burring 
Trial # Tool Type 
Tilt 
Angle (ᴼ) 
Inclination 
Angle (ᴼ) 
Depth of 
Cut (mm) 
Overlap 
(%) Fx (N) Fy (N) Fz (N) 
1 Sphere 0 0 0.5 0 1.88 0.45 -0.65 
2 Sphere 0 0 0.5 50 1.36 0.66 -0.64 
3 Sphere 0 0 1.0 0 2.09 0.68 -1.21 
4 Sphere 0 0 1.0 50 2.22 1.43 -0.83 
5 Sphere 0 +40 0.5 0 1.01 0.22 -0.39 
6 Sphere 0 +40 0.5 50 0.65 0.29 -0.28 
7 Sphere 0 +40 1.0 0 1.84 0.48 -0.94 
8 Sphere 0 +40 1.0 50 1.19 0.69 -0.57 
9 Sphere 0 -40 0.5 0 1.52 -0.61 -1.10 
10 Sphere 0 -40 0.5 50 0.97 -0.25 -0.37 
11 Sphere 0 -40 1.0 0 3.46 -0.56 -2.58 
12 Sphere 0 -40 1.0 50 2.50 0.19 -0.93 
13 Sphere 45 0 0.5 0 1.65 0.13 -1.16 
14 Sphere 45 0 0.5 50 1.14 0.24 -0.87 
15 Sphere 45 0 1.0 0 2.13 0.23 -2.13 
16 Sphere 45 0 1.0 50 1.57 0.46 -1.32 
17 Sphere 45 +40 0.5 0 1.07 0.22 -0.60 
18 Sphere 45 +40 0.5 50 0.74 0.39 -0.37 
19 Sphere 45 +40 1.0 0 1.74 0.48 -1.30 
20 Sphere 45 +40 1.0 50 1.25 0.96 -0.88 
21 Sphere 45 -40 0.5 0 1.40 -0.31 -0.83 
22 Sphere 45 -40 0.5 50 1.13 0.08 -0.70 
23 Sphere 45 -40 1.0 0 2.31 -0.69 -1.97 
24 Sphere 45 -40 1.0 50 1.79 -0.14 -1.56 
25 Cylinder 0 0 0.5 0 4.56 0.77 -0.62 
26 Cylinder 0 0 0.5 50 2.27 0.87 -0.23 
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27 Cylinder 0 0 1.0 0 2.71 0.58 -0.84 
28 Cylinder 0 0 1.0 50 2.58 1.30 -0.83 
29 Cylinder 0 +40 0.5 0 0.28 0.17 -0.28 
30 Cylinder 0 +40 0.5 50 0.09 0.09 -0.13 
31 Cylinder 0 +40 1.0 0 0.31 0.25 -0.34 
32 Cylinder 0 +40 1.0 50 0.45 0.53 -0.35 
33 Cylinder 0 -40 0.5 0 1.16 -0.46 -0.78 
34 Cylinder 0 -40 0.5 50 0.96 -0.30 -0.53 
35 Cylinder 0 -40 1.0 0 3.05 -1.07 -2.18 
36 Cylinder 0 -40 1.0 50 1.87 -0.45 -0.93 
37 Cylinder 45 0 0.5 0 0.69 0.21 -0.52 
38 Cylinder 45 0 0.5 50 0.49 0.34 -0.28 
39 Cylinder 45 0 1.0 0 1.54 0.85 -1.04 
40 Cylinder 45 0 1.0 50 0.91 0.78 -0.80 
41 Cylinder 45 +40 0.5 0 0.34 0.08 -0.25 
42 Cylinder 45 +40 0.5 50 0.18 0.10 -0.16 
43 Cylinder 45 +40 1.0 0 0.71 0.13 -0.60 
44 Cylinder 45 +40 1.0 50 0.28 0.21 -0.33 
45 Cylinder 45 -40 0.5 0 0.78 0.09 -0.85 
46 Cylinder 45 -40 0.5 50 0.49 0.12 -0.44 
47 Cylinder 45 -40 1.0 0 1.71 0.41 -2.10 
48 Cylinder 45 -40 1.0 50 0.92 0.23 -0.91 
Table F.2: Suboptimal combination set of process parameters 
Burring 
Trial # Tool Type 
Feed Rate 
(mm/s) 
Depth of 
Cut (mm) 
Overlap 
(%) Fx (N) Fy (N) Fz (N) 
1 Sphere 2 0.5 0 1.08 0.10 -0.48 
2 Sphere 2 0.5 10 0.91 0.30 -0.26 
3 Sphere 2 1.0 0 0.88 0.17 -0.38 
4 Sphere 2 1.0 10 1.02 0.43 -0.37 
5 Sphere 6 0.5 0 1.10 0.27 -0.42 
6 Sphere 6 0.5 10 2.29 1.57 -0.53 
7 Sphere 6 1.0 0 1.30 0.32 -0.53 
8 Sphere 6 1.0 10 0.71 0.37 -0.94 
9 Cylinder 2 0.5 0 1.79 -0.05 -0.62 
10 Cylinder 2 0.5 10 1.70 0.33 0.09 
11 Cylinder 2 1.0 0 1.28 0.30 -0.06 
12 Cylinder 2 1.0 10 1.06 0.31 -0.10 
13 Cylinder 6 0.5 0 1.92 0.37 -0.18 
14 Cylinder 6 0.5 10 2.02 0.49 -0.24 
15 Cylinder 6 1.0 0 1.75 0.38 -0.24 
16 Cylinder 6 1.0 10 2.05 0.82 -0.29 
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Appendix G: Characterization and Synthesis of the Acoustics 
Associated with Bone Burring 
In alignment with the future work of the current body of work, potential studies may 
include characterizing and synthesizing the acoustics associated with bone burring 
possibly for design of a surgical simulator. Previous work has been performed in 
capturing the acoustics of the machining process and detecting peak frequencies (due to 
the rotational speed of the tool, or self-excited chatter), albeit in milling a homogenous 
material [67]. A pilot study was conducted and presented within this appendix, in attempt 
to synthesize acoustics for use in a surgical simulator. The acoustics of the burring 
process was characterized at three separate rotational speeds of the tool (20,000, 45,000, 
and 75,000 rpm) and equations G.1-G.5 were generated accordingly. Additionally, a 
comparison between the synthesized sound and the authentic acoustics produced by the 
bone burring process at rotational speeds of the tool 15,000, 45,000 and 75,000 rpm are 
compared.  
Characterization and Synthesis of the Acoustic Profile  
To generate a realistic synthesis of the acoustic profile, a method to develop synthesized 
sounds, dependent on the user's input for the tool's rotational speed, was developed and 
outlined in Figure G.1. The main goal of the developed synthesizer was to allow for the 
user to select a rotational speed of the tool; and to generate a synthesized sound according 
to the user's selection. The synthesized process is distinguished into two separate 
subsections: rotational speed of tool acoustic generation and noise profile generation. 
Figure G.1 outlines the process developed for sound synthesis; additional information for 
the characterization protocol follows. 
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Figure G.1: Developed process to synthesize sounds associated with bone burring 
The process taken to synthesize sound is outlined above. The synthesis process 
manipulates a 45,000 base sound recording to produce a noise profile of the tool, and 
through addition of principle and harmonic frequencies, dependent on the user's 
inputted rotational speed, synthesizes the associated acoustic profile. Equations 
associated with the synthesis process follow. 
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Characterization 
Through the developmental work taken in characterizing the dynamic effects of bone 
burring in Chapter 2, it was found that the acoustic profile comprised of two separate 
distinct sounds: frequency due to the rotational speed of the tool, and the background 
frequencies associated with the noise due to the tool. It was also found that the 
magnitudes vary dependent on the rotational speed of the tool. Therefore, the main 
objective of the characterization process was to determine the trends of the acoustic 
profile and to generate linear scaling equations to allow for sound synthesis dependent on 
the user's selection of rotational speed.  
An accelerometer was used to quantify the trends in the acoustics. The accelerometer was 
selected, over a microphone, as the accelerometer is less susceptible environmental noise. 
In characterizing the dynamic effects of the tool; the accelerometer produced a much 
cleaner signal for post processing and characterization purposes. Rotational speeds of 
20,000, 45,000, and 75,000 rpm were used to characterize the acoustic profile.  
Rotational Frequencies (Principle, 2nd Harmonic, 3rd Harmonic) 
The principle, second and third harmonic frequencies corresponding to the rotational 
speeds were examined in the frequency domain. The magnitudes associated with the peak 
frequencies were normalized to the 45,000 rpm and a linear scale was independently 
fitted to each of the measurements. The following equations were generated from fitting a 
linear line of best fit to the magnitudes of the three rotational speeds; and were 
subsequently used for determining the magnitude of an associated sinusoid wave. Note: x 
= user input for rotational speed/1000 
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                                  (G.1) 
Equation F.1: Principle frequency synthesis  
                                    (G.2) 
Equation F.2: Second harmonic frequency synthesis  
                                    (G.3) 
Equation F.3: Third harmonic frequency synthesis 
Subsequently, to generate a sinusoid in the time domain; a transformation equation was 
needed to determine the amplitude of the sine wave that corresponded to the previously 
calculated amplitudes. Therefore, a heuristic method was performed in generating various 
sine waves, and fitting an exponential line of best fit to their associated magnitudes in the 
frequency domain. The following equation was used to generate appropriate sinusoids 
that corresponded to the frequencies in equations G.1-G.3 (R
2
=0.99):  
                       
                        (G.4) 
Equation F.4: Frequency to time domain translation 
Therefore, dependent on the user selection, the following equations were used to generate 
the amplitude of the principle (Eq. G.1), 2nd harmonic (Eq. G.2), and 3rd harmonic (Eq. 
G.3) frequencies. The specified amplitude was then substituted into Eq. G.4; to determine 
the appropriate amplitude for generation of three separate sinusoid signals. 
Noise Profile of Tool 
A scaling factor was applied to the noise profile of the tool as it was found that the noise 
associated with the tool varied with rotational speed. Therefore, the principal and 
harmonic frequencies were filtered out of the initial measurements corresponding to the 
various rotational speeds (20,000, 45,000, and 75,000 rpm). Peak-to-peak measurements 
were then made on the filtered signal and a linear line of best fit was fitted to each of the 
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three measurements. The following scaling factor was produced and normalized to the 
base recording at 45,000 rpm:  
                                     
(G.5) 
Equation F.5: Noise scaling factor  
Synthesis of Sound 
The main goal in synthesizing sound was to have the ability to synthesize the acoustic 
profile at various increments within the range of the tool (15,000 to 75,000 rpm) 
dependent on the user's input. To produce the synthesized sound, a recording at 45,000 
rpm was used as the base acoustic profile.  
The recording was produced using a microphone, AKG (Acoustic and Cinema 
Equipment, Vienna, Austria) Perception 220 professional studio microphone, with a 
frequency bandwidth of 20 to 20,000 Hz, and a sampling frequency of 44100 Hz.  
An overview of the synthesis process is found in Figure G.1. 
Results of Synthesis vs. Authentic Acoustic Comparison 
To compare the synthesized sound to an authentic acoustic profile, rotational speeds of 
15,000, 45,000, and 75,000 rpm were used. Although, the developed synthesized sound 
algorithm has the ability to produce an acoustic profile at continuous increments within 
the range of 15,000 to 75,000 rpm; the rotational speeds of 15,000, 45,000, and 75,000 
rpm were selected to view the synthesizer's performance throughout the synthesizer's 
range. 
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The results of the comparison showed resemblance in the frequency domain; however, 
the synthesized sound contained fewer harmonic frequencies compared to the authentic 
sound (Figure G.2, Figure G.3, and Figure G.4). In the authentic sound, the fourth 
harmonic was present at 15,000, 45,000 and 75,000 rpm, illustrating a deficiency in the 
synthesizer's algorithm. The fourth harmonic was not reintroduced into the synthetic 
sound as the acoustic profile was characterized using the accelerometer; where only the 
principle, 2nd, and 3rd harmonic were present. The magnitudes of the principle and 
harmonic frequencies were similar in the authentic and synthesized sound at 15,000, 
45,000 and 75,000 rpm. 
In comparisons of the sound profiles; a suitable qualitative study should be taken to fully 
evaluate the synthesizer's output. Although viewing the results in the frequency domain is 
useful, it is difficult to truly judge and compare the synthesizer's ability to produce a 
realistic acoustic profile of the burring process. Therefore, moving forward qualitative 
studies, in terms of questioning a blinded user to distinguish between the authentic and 
synthesized sound should be taken to truly judge performance. 
The developed process to synthesize sound outlined in the current appendix may serve as 
a building block in developing a sound synthesizer for a surgical simulator. The 
synthesizer discussed has the ability to produce acoustics that correspond to a variety 
rotational speeds associated with the bone burring process through use of a single base 
recording.  
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Figure G.2: Authentic and synthesized sound at 45,000 rpm 
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A comparison between the authentic and synthesized sound at 45,000 rpm is shown 
above in the frequency domain. Although the authentic and synthesized sounds 
encompass data outside of the graphed regions (200-5200 Hz shown), it was largely 
comprised of noise beyond 5200 Hz; therefore only the range of 200-5200 Hz is shown 
for illustrative purposes. 
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Figure G.3: Authentic and synthesized sound at 15,000 rpm 
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A comparison between the authentic and synthesized sound at 15,000 rpm is shown 
above in the frequency domain. The fourth harmonic frequency (1000 Hz) is present in 
the authentic sound but not in the synthesized sound. The lack of the fourth harmonic 
present in the authentic sound illustrated a deficiency is the synthesizer's algorithm at 
reconstructing the authentic acoustics. 
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Figure G.4: Authentic and synthesized sound at 75,000 rpm 
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A comparison between the authentic and synthesized sound at 75,000 rpm is shown 
above in the frequency domain. The magnitudes between the principle, 2nd, and 3rd 
harmonics are similar in the authentic and synthesized sound. The protocol taken in 
synthesizing sound, may prove useful as a building block in use in the design of a 
surgical simulator. 
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